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FOREWORD 


This  report  is  one  of  four  reports  to  be  prepared  by  Structural 
Mechanics  Associates  under  Navy  Contract  No.  N156-46654.  This  con¬ 
tract  was  initiated  under  Work  Unit  No.  53C/07,  "Development  of 
Optimization  Methods  for  the  Design  of  Composite  Structures  Made 
from  Anisotropic  Material"  (1-23-96)  and  wan  administered  under  the 
direction  of  t'.e  Aeronautical  Structures  Laboratory,  Naval  Air  Engi¬ 
neering  Center,  with  Messrs.  R.  Molella  and  A.  Kanno  acting  as  Pro¬ 
ject  Engineers.  The  reports  resulting  from  this  contract  will  be 
forwarded  separately.  Three  reports  are  completed  and  cover  work 
from  24  Kay  1965  to  31  December  1966.  The  title  and  approximate 
forwarding  date  for  each  report  are  as  follows: 

NAEC-ASL-1109,  "Structural  Optimization  of  Corrugated  Core 
and  Web  Core  Sandwich  Panels  Subjected  to  Uniaxial  Compression," 
dated  15  May  1967.  Forwarding  date,  June  1967. 

NAEC-ASL-1110,  "Structural  Optimization  of  Flat,  Corrugated 
Core  and  Web  Core  Sandwich  Panels  Under  In-Plane  Shear  Loads 
and  Combined  Uniaxial  Compression  and  Iu-?lane  Shear  Loads," 
dated  1  June  1967.  Forwarding  date,  July  196/. 

NAEC-ASL-1111,  "A  Method  for  Weight  Optimization  of  Flat  Truss 
Core  Sandwich  Panels  Under  Lateral  Loads,"  dated  15  June  1967. 
Forwarding  date,  July  1967. 
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SUMMARY 

This  report  presents  the  developnent  of  rational  nethoda  of 
atructural  optimization  for  flat,  corrugated  core  and  web-c^rc 
aandvlch  panela  subjected  to  uniaxial  conpresaive  loada. 

Theae  nethoda  provide  a  neana  by  which  aucb  panela  can  ba 
dealgned  with  abaolute  nlnlnun  weight,  yet  retaining  atructural 
integrity  (i.e.,  atructurally  optlnun)  for  a  given  load  index, 
panel  width,  panel  length,  and  face  and  core  nateriala.  Of 
equal  lnportance  ia  that  theae  nethoda  provide  a  neana  for 
rational  naterial  aelection  through  the  conparlaon  ol  welghta 
of  optluun  conatructlon  for  aeveral  naterial  ayatena  aa  a  function 
of  load  index.  The  nethoda  account  for  both  laotroplc  or 
orthotropic  face  and  core  nateriala  and  varioua  boundary  condl- 
tlona.  Three  typea  of  core  are  considered:  triangulated  core 
(single  truaa  core)  conatructlon,  web-core  conatructlon,  and 
"hat-ahaped"  core  conatructlon. 

Chapter  1  preaenta  the  nethoda  of  optlnlzation  for  the 
triangulated  core  (truss-core)  construction.  Chapter  2  preaenta 
nethoda  of  optlnlzation  for  veb-core  conatructlon.  Chapter  3 
preaenta  nethoda  of  optlnlzation  for  the  "hat-shaped"  core 
construction.  Chapter  ^  preaenta  exanples  for  aeveral  naterial 
ayatena  using  theae  constructions,  aa  well  aa  providing  ccnpar- 
iaona  between  theae  core  constructions  and  honeyconb  core 
construction.  Chapter  5  presents  aone  concluaiona  drawn  fron 
this  Investigation. 
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The  methods  developed  herein  ere  applicable  to  penele  et 
elevated  or  lowered  temperatures,  under  steady  etete  end  nearly 
uniform  temperatures .  Only  the  stre*s~straln  curve,  or 
preferebljr  the  tangent  modulus-stress  curve,  for  eech  tempera- 
ture  under  consideration  is  necessary. 
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HOTATIOI 

a  Panel  dimension  In  tbe  z  direction,  in. 

A  Araa  of  the  cor*  par  unit  width  of  corrugation  crossection 
parallel  to  the  y s  plane,  in.  (eee  Equations  1.1,  PI. , 
and  3*1) 

b  Panel  dimension  in  the  y  direction,  in. 

df  Diaeneion  in  the  y  direction  siren  in  Figure*  4  and  5 

D  .  Tranerere*  shear  etiffneea,  per  unit  width,  of  a  beaa 

*  cut  froa  the  panel  in  the  i  direction  (l»x.y),  lba./ln. 

(eee  Squntlons  1-4,  1.5,  2.4,  3.4,  and. 3*5) 

D.  i  I  t  h  2,  lbs. -in.  (i-x,y) 

*  *  1  f  c 

D  Flexural  atlffneaaea  associated  with  an  orthotrople 

^  plate,  lbs. -in.  (j-1,2,3) 

I  Modulus  of  elasticity,  lbs. /in. 2 

I  Modulus  of  elasticity  of  corrugated  core  sheet  aatttlal, 
c  lbs. /in. * 

A 

I;  Modulus  of  elasticity  of  face  sheet  aaterlal,  lbs. /in. 

IQ  Definition  giren  by  equation  1.66 

*T  Tangent  aodulus,  lbs. /in. 

i*  (ie/*f)A 

—  2 
B  Seduced  modulus  of  elasticity,  lbs. /in. 

O 

0  Shear  aodulus  of  corrugated  core  sbto*  aaterlal,  lbs. /in. ~ 
c  ’ 
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h  Cor*  depth,  in. 

e 

I  Exteneional  stiffness  of  the  facing  *h**te,  lb*. /in. 

7  Moaent  of  Inertia  of  the  cor*,  p*r  unit  vldth  of  th* 

corrugation  crosaectlon  parallel  to  th*  yz  plan*,  taken 
about  th*  c*ntroldal  axis  of  th*  corrugation  crosaectlon. 
In. 5  (a**  Equations  1.2,  2.2,  and  3.2) 


Mcaent  of  Inertia  per  unit  vldth  of  the  facet  considered 


as  aeabranes 

surface,  In. 


* 


with  respect  to  th*  tandvlch  plate  Biddle 
(see  Equation  1.8,  2.6,  and  3*8) 


I  Buckling  coefficient 


■  luaber  of  half  waves  In  the  x  direction 


M  Definition  given  by  Equation  1.79 

o 

■s  Coapresslve  in-plane  load  In  the  x  direction  per  unit 
*  panel  vldth,  lbs. /in. 

P  df  +  lic tan  0 

r  Transverse  shear  flexibility  ratio  (see  Equation  2.8) 

1  (i-*,;r) 

B  Definition  given  by  Equations  1.6  and  3*5 

tQ  Thickness  of  core  veb,  In. 

Thickness  of  facing  Material,  In. 

V  Definition  given  by  Equation  1.10  ( »  r^) 

V  Total  weight  per  unit  planforv  area  of  panel 

construction,  lbs. /in. 
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V  Weight  per  unit  planfora  area  of  core  (i»c)  or  facing 

*  (l-f)  materials 

V  Weight  of  adhesive  or  other  Joining  naterlal  between 
facing  and  core  per  unit  planfora  area,  lbs. /in. 

z  Panel  ln-plane  coordinate  (see  Figure  2) 

y  Panel  ln-plane  coordinate  (see  Figure  2) 

s  Panel  coordinate  nornal  to  nld-plane  of  panel  (see 

Figures  1  and  4) 

p  »/b 

Si  In-plane  axial  coapressive  deformation,  In.  (see 

Equation  1.16)  l*c,f 

E  In-plane  strain 

Plasticity  reduction  factor 

0  Angle  web  naterlal  Bakes  with  a  line  noraal  to  plane 

of  faces 

V  Poisson's  ratio 

Density,  lbs. /in. ^  (i-c,f) 

Cf  Stress,  psi 

.n. 

IL0  Definition  given  by  Equation  1.80 
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CHAPTER  1 

jaTHODS  OP  STRUCTURAL  OPTIMIZATIOH  POR  PLAT 
fRIAHOULATED  CORE  (SIHOLE  TRU88  CORE)  SAHDWICH 
PAH ELS  SUBJECTED  TO  UHIAXIAL  COMPRS88IOH 

A.  Introduction 

Consider  a  flat  corrugated  core  sandwich  panel  Involv¬ 
ing  the  construction  shown  4n  crossectlon  In  Plgure  1. 


_  1 


Figure  1 

Triangulated  Core  Sandwich  Panel 

There  are  four  geometric  parameters  with  which  to 

optimise;  namely,  the  core  depth  (h  ),  the  web  thickness  (t  ) , 

c  c 

the  face  thickness  (tf),  and  the  angle  the  web  makes  vlth  a 
line  normal  to  the  faces  (9). 
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The  overall  panel  to  be  considered  ia  ehovn  in  pianfori 
in  Figure  2. 
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Figure  2 

Planform  View  of  Panel 

This  panel  of  width  b  and  length  a  ia  subjected  to  an 
in-plane  c ompiesslv*  load  Nx  (iba./in.)  parallel  to  the  x  axle. 
This  panel  ia  considered  to  fail  if  any  of  the  following 
instabilities  occur:  overall  instability,  local  face  buckling, 
and  web  buckling.  It  can  be  shown  that  face  wrinkling.  In  the 
some  of  face  wrinkling  in  honeycomb  eandwich  construction  will 
not  occur,  because  local  face  buckling  and  web  buckling  will 
invariably  occur  at  lower  values  of  the  load.  It  can  also  be 
«hovn  that  core  shear  instability,  in  the  aense  of  shear  crisping 
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la  honeycomb  sandwich  construction  cannot  occur,  because  a 
geometry  would  be  required  which  would  violate  tha  construction 
considered,  nanely  a  pitch  In  excess  of  tha  panel  width.  lance, 
there  era  three  nodes  of  Instability  and  four  geoaatrle  para- 
aeters . 

To  describe  the  Instability,  the  analytloal  expreeelon 
used  In  each  case  below  Is  the  best  available  froa  the  literature. 
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B.  Elastic  and  Geoaetrlc  Constanta  Associated  with  Triangulated 
Cora  Conatructlon  , 

The  elaatlc  and  geoaetrlc  constants  f or  the  triangulated 
core  construction  can  he  determined  from  those  given  In  aore 
general  form  by  Libove  and  Hubka  In  Reference  1.  For  the  core 
construction  given  in  Figure  1,  the  following  constants  are 
obtained. 

The  area  of  the  core  per  unit  width  of  corrugation 
crossectlon  parallel  to  the  yt  plane,  A '  .  Is  given  by 

A  -  ,  (in.)  (1.1) 

c  a  in© 


where  the  symbols  are  defined  In  Figure  1. 

The  aonent  of  inertia  of  the  core  per  unit  width  of 
corrugation  croaaectlon  parallel  to  the  yc  plane,  taken  about 
the  centroldal  axis  of  the  corrugation  croaaectlon,  T£,  Is 
seen  to  be. 


xc  - 


t  h 
c  c 

12  line 


■  *«  i§-  •  (i-3> 


(1.2) 


The  extcnalonal  stiffness  of  the  plate  In  the  z  direction 
EAjj.  !•  given  by, 

EAX  -  KcAc  +  2Eftf  (Iba./in.)  (1.3) 

where  and  Ef  are  the  coapreeaive  moduli  of  elasticity  of 
the  core  and  face  material  respectively. 
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The  transverse  shear  stiffness,  per  unit  width  in  the 
y-dlreetion  of  an  element  of  the  sandwich  cut  by  two  *- 1  planes, 


is  found  to  be, 


0  t  cos© 

D  -  — - 

\  tan  ® 


(lb. /in. ) 


(l.*0 


The  transverse  shear  stiffness,  per  unit  width  in  the 

x  direction  of  an  element  of  the  sandwich  cut  by  two  y»x  planes, 

D  ,  is  given  by 

y  6h  E  t  3 

D  -  1  (lb. /in.)  (1.5) 

\  (1-V  2)  h  J 

y  c  c 


where  y>  is  the  Poisson's  ratio  of  the  core  material, 
c 

n  2  2 

0  ■  ■  ■  sin  q  cos© 


(1.6) 


Hence  substituting  (1.6)  into  (1.5)  results  in 


D 

<1 

y 


E  t  2 

- — _  cos  ©  sin© 

u-V> 


(1.7) 


This  expression  agrees  with  that  found  by  Anderson  in 
Reference  2. 

Lastly,  the  moment  of  inertia  per  unit  width,  1^,  of  the 
faces,  considered  as  membranes  with  respect  to  the  sandwich- 

plane  nlddle  surface,  is  seen  to  be 

2 

If  -  S-f-  (in.3)  (1.8) 

where  because  tf«  hc,  the  core  depth  hc  can  be  taken  as  the 
distance  between  the  centerlines  of  the  faces. 
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C .  Governing  Equations  for  Panels  Composed  of  Isotropic 
Materials 


1.  Overall  Instability 

The  best  expression  describing  the  overall  instability 
of  a  corrugated  core  sandwich  panel  under  uniaxial  coapresslve 
loads  is  given  by  Seide  in  Reference  3.  It  is  written  as: 


R 

x 


irVf 


(1-9) 


where  K  is  the  buckling  coefficient  derived  and  plotted,  in 
Reference  3* 

This  buckling  coefficient  is  plotted  in  Figures  2  and 
k  of  Reference  3  as  a  function  of  the  length  to  width  ratio, 
a/b,  for  the  cases  of  the  unloaded  edges  simply-supported  and 
clamped  respectively,  for  various  values  of  the  transverse  shear 
flexibility  parameter  V .  This  parameter  is  defined  as: 

y*  rrLEf  if  ^  n*  Ef  (<->;,>*)  O 
^  iblSEctc3 

=  (tf)lhi)lISj)  ( 1.10) 

ZCo*l8  5ine  \  to  /  V  k>  /  [ej 

It  is  noted  that  the  buckling  coefficient  for  this 
construction  has  the  saae  general  characteristics  as  the 
corresponding  coefficient  of  a  homogeneous  flat  plate  under  the 
save  loading;  namely  a  minimum  value  occurs  for  the  lowest  mode 
In  the  neighborhood  of  a/b  ■  1.  For  longer  plates,  a/b^l, 
successive  minima  occur  for  increasing  numbers  of  half  sine 
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vim  In  th«  axial  direction,  each  minima  haring  th«  ium 
ralue  for  the  coefficient  K.  Hence  just  as  In  homogeneous  plate*, 
thle  alnlnua  ralue  can  be  taken  aa  the  lower  bound  (conservative) 
for  all  plate*  In  which  the  length  to  width  ratio  Is  greater 
than  unity.  Hence,  for  the  K  ralue*  used  herein  the  lover  bound 
ralue*  are  used  a*  plotted  In  Figure*  3  and  5  of  Reference  3 
for  the  unloaded  edge*  alnply-aupported  and  clamped, 
respec tirely .  When  utilising  Figures  3  end  5  of  Reference  3, 
a  parameter  EcI  /E^I^,  also  appear*  which  can  be  easily 
determined  using  Equations  (1.2)  and  (1.8).  For  a  panel  with 
Isotropic  material*,  It  can  be  written  as 


Vc 

EfTf 


1 

sin® 


(1.10a) 


lit  should  be  remembered,  howerer,  that  If  a  panel  Is 
considered  in  which  the  length  to  width  ratio  Is  less  than 
unity,  higher  ralues  of  K  can  be  used  as  glren  by  Figures  2 
and  4  of  Reference  3- 

An  equation  for  orerall  Instability  Is  glren  In  page 
of  AEC-23  (Reference  4),  which  differs  from  Equation  (1.9)  only 
by  a  factor  of  (l-V^2)  in  the  denominator,  where  1*  the 
Poisson's  ratio  of  the  face  material.  Howerer,  since  the  curves 
used  In  ARC-23  are  taken  directly  from  Reference  3,  it  appears 
logical  to  use  the  buckling  equation  from  Reference  3,  as  given 
In  Equation  (1.9) • 
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2.  Fact  Plate  Instability 

Looking  at  Figure  1,  it  is  seen  that  each  plat* 
eleaent  of  the  face  froa  A  to  2  can  buckl*  due  to  th*  axial 
load  Rx>  Since  the  support  condition*  at  A  and  B,  th* 
unloaded  edgee  are  not  known  precisely,  it  1*  conservative  to 
assuae  that  they  are  aiaply  supported.  For  such  a  cai*  th* 
lower  hound  of  the  buckling  coefficient  X  for  this  condition, 
whore  the  length  to  width  ratio  ie  greater  than  unity,  1* 
equal  to  k.  Andereon  in  Reference  5  diecueeae  the  effect  of 
aore  coaplex  buckling  aodee,  du«  to  interaction  botvean  face 
and  core  eleaenta.  However,  Figure  5  of  Reference  5  show*  that 
at  ao*t  the  buckling  coeffici  nt  would  be  k.21  for  aiaultaneous 
buckling  of  face  and  core  eleaenta.  Th*  well  known  buckling 
equation  to  deaerib*  thia  lnatabiilty,  written  in  teraa  of 
thia  conatruc tlon,  ia: 

o',  =  "ift.  if.1  _L_ 

K.1  Wo  (l.ii) 

where  Op  la  th*  streaa  in  the  face. 

3 .  Web  Plate  lnatabiilty 

Llkevlae  th*  local  plate  eleaenta  of  th*  cor*  can 
becoae  unstable  due  to  the  core  being  subjected  directly  to  a 
portion  of  the  axial  loading,  The  conservative  aaauaptlon 

is  aade  here  alao  that  the  web  eleaenta  froa  A  to  C  and  B  to  C 
in  Figure  1  are  aiaply  supported  along  the  unloaded  edges, 
since  the  actual  boundary  conditions  are  unknown  and  aay  vary 
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due  to  car#  in  fabrication  and  netted  of  Joining  the  vab  and 
faeaa.  Hence,  l  -  b,  for  eleaeate  which  tar*  greater  length 
In  the  x  direction  than  the  dlaenaion  froa  A  to  C. 

In  taraa  of  tba  ayabola  of  Figure  1,  tba  plate  bnakllag 
aquation  it 

ft  =  tfc  Cm'S 

3(.-^l  Kx  U-W) 

wnere  Cc  ia  tba  atraaa  in  tba  vab  alsaant. 

b.  Load-8treaa  Belatlonahip 

For  tha  conatructlon  given  in  Figure  1  it  la  aaan  that 

tba  load  V  la  related  to  tba  atraaa  in  tba  face  Op  and  tba 

x 

atraaa  in  tba  vab  Cfc  by  tba  following  relationablp. 

Nx  -  +-  ZcTphf  (1.13) 

Further,  it  la  aaauaed  that  tba  axial  abortaalng  of 
tba  core  ^  auat  equal  tba  axial  abortanlng  of  tba  faeaa  6f 
due  to  tba  loading  V^.  Tbla  in  other  taraa  aaana  that  tha  core 
and  tba  faeaa  undergo  equal  atralna. 

Let  JT  be  the  load/in.  carried  by  tha  faeaa 
f 

and  *x  be  the  load/in.  carriad  by  the  eora 
c 

and  Ix  be  the  load/in.  carried  by  the  entire  panel 

Then  I  ♦  *  -  I.  (l.Xb) 

*c  xt 

and  „ 

-  tfcAo  ,  *x  -  ZtfCTf  (1.13) 

c  f 
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The  axial  shortening  of  the  core  (  6c.  )  and  the  axial 
shortening  of  the  faces  (  (Tf  )  are  found  to  be 


X  "x 

Or  •  C 


E 

C  c 


Sp  u  xt 


2Eftf 


(1.1*) 


Since  <fc  -  6f  ,  from  (1  .15)  and  (1.16)  It  Is  seen  that  the 
stress  In  the  core  la  related  to  the  face  stress  by  the  following 


(1.17) 


Thus  using  the  expressions  above  the  face  stress  is 
related  to  the  load  per  inch  by  the  expression 


(1.18) 


lots  that  relationships  (l.l6),  (1.17),  and  (1.18)  are  only 
valid  when  the  stresses  in  the  faces  and  core  are  below  the 
proportional  limit  of  both  the  face  and  core  material.  Above 
these  values  the  following  procedure  is  required. 


/igure  3 

b'c/e.i  Distribution  in  Face  and  Core 
.'.sovc.  Limit 

-  1C  - 


NAEC-ASL-1109 


For  any  value  of  strain  £,  corresponding  to  stress 
exceeding  the  proportional  Halt  in  either  core  or  face,  since 
the  strains  oust  be  equal  in  both  core  and  faces,  a  vertical 
line  can  be  drawn  on  the  stress-strain  diagram  as  shown  in 
Figure  3*  The  unique  value  of  face  stress  and  core  stress  can 
be  deteroined  for  this  strain. 

Likewise  in  Figure  3,  values  of  tangent  aodull  Ef 

t 

and  E  ,  for  the  face  and  core  respectively,  can  be 
t 

determined,  that  are  necessary  to  determine  a  plasticity 
reduction  factor  for  use  in  the  buckling  expressions  derived 
earlier. 


5 .  Weight  Relation 

The  weight  relation  is  seen  to  be  from  Figure  1, 

w  :  fcf  +  Ac  + 


-  2  tF  +  JcU  (1.19) 

Sin  0 

where  pf  and  are  the  weight  density  of  the  face  and  core 

material  respectively  ) 

p 

W  is  the  weight  in  lb/in  of  planform  a.  v  of  the 
adhesive  or  other  material  used  to  Join  face  and  core  J 

V  is  the  weight  in  lb/in2  of  planform  area  of  the  entire 

panel . 
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D.  Structural  Optimization  of  Panels  with  Facet  and  Core 
of  the  Same  Isotropic  Material 

The  governing  equations  pertaining  to  this  construction 

are  given  by  Equations  ( 1 -  9 ) #  (l.ll),  (1.12)  and  (1.17),  (l.l8) 

and  (1.19).  In  this  case  the  simplifications  in  symbols  are  as 

follows:  E  -  E  -  Ej  V  -  v‘  -  V  ;  <f  -  O'.  •  O'  . 

c  f  c  f  c  f 

Because  the  stresses  in  the  faces  and  core  are  equal  when  the 
saae  materials  are  used  throughout,  Che  methods  derived  below 
can  be  utilized  for  stresses  above  the  proportional  Halt. 

7  is  used  to  indicate  that  a  reduced  aodulus  can  be  t  sed.  The 
results  are: 

Nx  --  (1.20) 

2  b*" 

_  .....  (1.21) 

(T  -  TT 1  £  t',1  CoC'Q  (1.22) 

3(i-J;)  hcX 

N*  --  cr  [2tf  +  (1.23) 


w-w U  - 


p  htf  ♦  -he] 

\ 


(1.2*) 
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The  philosophy  of  optimization  is  as  follows;  a 

truly  optimum  structure  is  one  which  has  a  unique  ralue  for 

each  variable  within  the  class  of  structures  being  studied 

(triangulated  core  sandwich  for  example1),  for  each  set  of 

materials  (7075~T6  aluminum  for  example),  which  will  result 

in  the  minimum  possible  weight  for  a  specified  set  of  loads 

(uniaxial  compressive  load  per  unit  width,  for  example), 

and  yet  maintain  structural  integrity  (will  have  no  mode  of 

failure  less  than  that  occurring  at  the  design  load).  In  this 

case  the  optimum  structure  will  have  the  characteristic  that 

the  panel  will  become  unstable  in  all  three  buckling  modes 

simultaneously.  If  this  is  not  the  case  then  one  of  the 

critical  modes  corresponding  to  a  face  stress,  say  , 

occurs  at  a  higher  value  of  face  stress  than  the  other  two, 

say  CTZ  *  <  O',  However,  the  panel  will  fail  at  a  load 

corresponding  to  the  lower  face  stresses  d  g  and  ^3'  Bay 

-  N^.  This  in  turn  means  that  there  exists  material  (which 

has  weight)  in  the  structure  which  is  not  being  stressed  or 

strained  sufficiently  for  it  to  be  used  most  efficiently.  Thus 

there  are  two  alternatives  available.  (l)  Material  can  be 

removed  until  the  failure  mode  originally  occurring  at  O' 

is  reduced  to  the  stress  0  ^  ■  O' in  which  case  a  lighter 

structure  results  for  an  applied  load  Ng  *  (2)  Material 

can  be  rearranged  reducing  the  critical  stress  value  originally 

at  (j  corresponding  to  the  first  mode  to  some  value  0\  , 

1  ^ 

while  raising  the  critical  face  stress  values  associated  with 
the  other  two  failure  modes  originally  occurring  at  (J  ^  and  O' ^ 
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to  a  y&Iu*  y  O'  ^  y  cC,  ■  C ■  Row  tha  structure  with 

the  iu«  walght  aa  tha  original  arrangement  can  withstand  a 
load  (corraspondlng  to  (j  whare  R^  y  Hg  •  H^.  Obviously 
both  (l)  and  (2)  can  ba  parforaed  simultaneously  ao  that  aoaa 
■aterlal  is  removed  and  lore  rearranged,  resulting  In  an 
optimum  structure. 

Returning  to  the  Equations  (1.20)  through  (1.24),  tha 
known  specified  quantities  are  the  applied  load  par  Inch  Hx 
and  tha  panel  width  b,  which  can  be  lumped  together  as  tha  load 
Index  Rx/b;  the  material  properties  !,  V  ,  and  ^ .  Tha  buckling 
coefficient  K  is  a  slowly  varying  function  of  the  dependent 
variables  that  for  the  present  will  be  considered  as  a  constant, 
but  will  be  discussed  later. 

Tha  dependant  variables  In  the  sat  with  which  to 

optimize  the  construction  are  the  face  thickness,  t^j  tha  core 

depth,  h  ;  tha  veb  thickness,  t  ;  the  web  angle,  9;  tha 
c  c 

stress,  (0  •,  and  the  weight,  V  - 

It  Is  seen  that  there  are  five  equations  and  six 
unknowns.  Tha  sixth  equation  Is  obtained  by  placing  tha  weight 
equation  In  terms  of  one  convenient  variable,  taking  the 
derivative  of  the  weight  equation  with  respect  to  this  variable, 
and  setting  It  equal  to  zero  to  obtain  the  unique  value  of  the 
variable  resulting  In  minimum  weight. 

It  should  be  noted  that  this  last  step  differs  from 
the  optimization  procedure  given  by  Vinson  and  Shore  In 
Reference  6  for  honeycomb  sandwich  panels  under  the  same  loading. 


-  14 
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Id  that  construction  there  are  alx  governing  equations  and 
six  dependent  variables.  Thus,  employing  the  optimisation 
philosophy  expressed  In  Reference  6  and  repeated  earlier  In 
this  section,  the  optimization  weight  Is  directly  determined 
by  equating  the  stresses  for  each  failure  mode. 

Before  proceeding  It  should  be  noted  also  that  In 
this  case  where  the  core  and  face  saterlal  are  Identical,  tho 
optimization  procedure  can  be  carried  out  directly  for  stresses 
above  the  proportional  limit  of  the  material  In  the  same  way 
as  In  the  range  where  Hooke's  Law  applies.  It  Is  only  necessary 
to  Introduce  a  suitable  plasticity  reduction  factor,  f]  ,  such 
that 

K  -  E  (1.25) 

In  Equations  1.20  through  1.24  as  well  as  in  the  following 
E  will  replace  E  for  generality. 

Manipulation  of  Equations  (1.20)  tLrough  (1.24) 
results  in  an  expression  for  the  weight  equation  in  terms  of 
the  veb  angle  0,  as  shown  below: 

(1-26) 

As  stated  priviously,  the  sixth  equation  to  obtain 
minimum  weight  consist  i  of  the  derivative  of  the  weight 
equation  with  respect  go  the  single  variable,  equated  to  xero. 


X 

1 


% 
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Taking  the  derivative  of  (1.26)  with  respect  to  0  and 
equating  it  to  zero  results  in  the  iaportant  relationship 


Sin2©  -  2/7 
Therefore,  ©  <=^32.40° 


(1.27) 


It  is  seen  that  to  obtain  niniaun  weight  structure 
for  a  triangulated  core  panel  involving  faces  and  cores  of  the 
Same  isotropic  materials,  the  web  angle  is  constant  and 
independent  of  isotropic  aaterials  used,  the  coefficient  K,  and 
and  the  aagnltude  of  the  Load  Index  (Hx/b). 

One  nay  now  obtain  the  "universal  relationship" 
relating  load  index  to  a  unique  value  of  stress,  for  any  set 
of  aaterlal  properties,  which  will  result  in  minimum  weight. 

7or  this  construction  it  ie  seen  that  the  universal  relation¬ 
ship  using  equations  1.20  through  1.24  Is 

b  2  rtl  £  K  ,L  (1.28) 


The  geometric  variables  t^,  t£ ,  and  hc  as  well  as 
the  weight  equation  can  now  be  expressed  in  terms  of  the 
optimum  stress  G  ,  or  the  load  Index  (  Nx/b),  Simpler 
expressions  are  obtained  when  the  optimum  stress  Is  used,  which 
of  course  is  related  to  the  load  index  through  equation  (1.28). 
These  expressions  are: 


tf  ,  k  G 

b  TT  £  KVl 


(1.29) 
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tit  =  - 

b 

f  i-v*)  4  o' 
n1  r  k/u 

(1.30) 

hi  - 

b 

[jf 

2  rt'JxJ 

(1.31) 

W-tio/  , 

b 

2  TT1  E 

(1.32) 

In  terms  of  the  giren  load  index  (l^/b)  the 

expressions  are  seen  to  be: 

tF  s  2.JI  (^x/b)^ 

b  fT  TT  E  ,L  K'/m 

- 

(1.33) 

tc.  *  X 

b  v 

r  (.-di**  (N./b)”1- 

5  TT  E  v*»  K  7m 

(1.3*0 

”  5  (  kJ>  /b) 

j’/h 

(1.35) 

b 

2E  TTl(»''/i)Kt 

vy-wg^ 

(1.36) 

b 

\2/  tt 

Other  Interesting  relationships  are  noticed  for  this 
construction  where  optimised.  From  (l.29)  and  (1.30)  or  (1.33) 
and  (1.3*0;  the  ratio  of  the  web  thickness  of  the  eore  to  the 
face  thickness  is 

tc/t  t  -  -{TT?  (1.37) 


17  - 


NAEC-ASL- 1109 


It  1*  also  ie«n  from  (1.23)  and  (1.24)  and  by 
(1.28)  and  (1.32)  that 


Nx  ,  lw-^ad\  £  [  W-w#i_./Nx^r> 

T  V  5  y  f  >  ~  VTi5  (1-38) 

Looking  at  Equation  (l.24),  it  la  seen  that  for  this 
construction  the  ratio  of  the  weight  of  the  core,  Wc,  to  the 
weight  of  the  facings,  Vf,  can  be  easily  computed  for  optimum 
construction,  utilizing  (1.27)  and  (1.37): 


*c 

2tfSinG 


1 

8 


(1.39) 


All  quantities  are  now  known,  except  fc.’  the  precise 
determination  of  the  constant  K  which,  as  mentioned  earlier, 
is  a  slowly  varying  function  of  the  dependent  variables,  but 
only  appears  in  the  weight  equation  to  the  J4-  power.  In 
Figure  3  or  5  of  Reference  3,  values  of  K  ere  tabulated  as 
functions  of  the  quantities  EcIc/E^I^  and  V=  Xf/k>x  D<^  , 

the  core  transverse  shear  flexibility  parameter  both  of  which 
must  be  determined.  From  Equations  (1.2),  (1.7),  (1.8),  (1.29), 
(1.30)  and  (l.3l)  these  quantities  become: 


EcU  w 
ZfU 

_7 

ZH 

(1.^0) 

v  ■  ( 

i-u*)  cr 

(1A1) 

Z  £  K 
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By  a  aiBple  Iteration  involving  aaeuaption  of  K, 
solving  for  V  for  a  given  aet  of  materials  and  stress,  reading 
K  from  the  Figure,  and  repeating,  the  value  of  K  can  be  detor* 
alned  quite  rapidly.  It  la  aeen  immediately  froM  (l.4l)  that 
the  core  flexibility  paraneter  la  very  lov  due  to  the  ratio 
d/jg  ,  hence  K  will  alvaya  be  very  near  the  value  given  by  the 
intercept  with  the  ordinate  on  the  aforementioned  flgurea. 

The  design  procedures  will  be  given  In  summary  fora 
in  Section  I  of  thla  chapter. 
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1.  Structural  Optimization  of  Panel*  with  face*  and  Co re 
of  Different  Isotropic  Material* 

Tha  governing  equation*  pertaining  to  thla  construc¬ 
tion  are  giren  by  Equation*  (1.9),  (l.ll),  (1.12),  (1.17), 
(l.lfi),  and  (1.19),  and  are  listed  below  in  summary. 


N»-  rrxEf  t,  h^K 

2 


(1.42) 


~  rr2-  Ef  -bp 


(1.43) 


o>  =  rr^Zc  -be 1  C os  e 


n„  =  df 


h  L  £<=  s^e 


(1.44) 


(1.45) 


W-w fl<i  ■«  ZOfip*  Pete 


+  Pet 

Sin 


(1.46) 


© 


The  philosophy  of  the  optimisation  is  Identical  to 
that  expressed  in  Section  D  of  this  chapter,  i.e.,  all 
Independent  nodes  of  failure  that  cause  the  panel  to  be 
considered  structurally  unsound,  suit  occur  simultaneously  to 
produce  a  minimum  weight  structure. 

Again  it  is  seen  that  there  are  six  unknown  quantities 
tc,  hc,  6,  Of ,  »nd  W  -  Vad)  and  fire  equation*.  The  sixth 
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equation  is  obtained  by  expressing  the  weight  equation  in  terns 
of  a  convenient  variable,  and  setting  the  derivative  of  the 
weight  equation  (1.46)  with  respect  to  this  variable  equal  to 
zero  to  obtain  the  minimum  weight  value  for  that  variable. 

In  the  case  In  which  face  and  core  materials  differ, 
the  expressions  given  by  Equations  (1.17),  (1.10),  and  (1.44) 
are  applicable  where  both  the  face  and  core  stresses  are  below 
the  proportional  limit.  Above  the  proportional  limit,  an 
iteration  procedure  involving  the  equating  of  strains  as  shown 
in  Figure  3#  and  using  the  form  of  the  web  buckling  equation 
shown  in  (1.12)  must  be  employed.  This  shall  be  further 
discussed  in  Section  H  dealing  with  optimization  procedures. 

The  remainder  of  this  section  deals  with  the  explicit 
solution  of  the  problem  for  stresses  below  the  proportional 
limit  of  both  materials. 

Manipulations  of  Equations  (1.42)  through  (1.46) 
can  result  in  the  weight  equation  being  expressed  entirely  in 
terms  of  known  quantities  and  the  unknown  web  angle  G  below, 

3^,y)V  (jtf 

t  tr  t,'1'-  K ^  |  S,„e (Cose)'/*(E,VM s.^yH 


where 

c  * 

V 

E*  - 

ik  sl 

1 1 

and 

_TL  * 

As  stated  previously,  the  sixth  equation  is  developed 


NAEC-ASL- 1109 


by  setting  the  derivative  of  Zquation 
0  equal  to  zero.  The  result  is 

_  =o 


(1.^7)  with  respect  to 

(i.W) 


For  a  given  material  system  solving  (1.48)  for  9  gives 
the  value  of  9  which  will  insure  an  optimum  construction.  Hote 
that  this  value  of  9  is  Independent  of  the  load  index  (Hx/b), 
and  the  buckling  coefficient  K,  vhich  in  turn  means  it  is 
Independent  of  the  panel  boundary  conditions  on  the  unloaded 
edges  (simply  supported  or  clamped). 

The  "universal  relationship  can  nov  he  found, 
knowing  9,  which  gives  the  unique  value  of  face  stress  assoc¬ 
iated  with  minimum  weight  for  a  given  load  index  and  set  of 
material  properties. 


Ny  , 
b 


Vi  & 

E*  +H  S.*1© 

JL 

L  *  j 

Si^e  Css  9 

The  geometric  variables  t  .  t  ,  and  h  as  well  as 

f  c  c 

the  weight  equation  can  nov  be  expressed  in  terms  of  the 
optimum  stress  °f  ,  or  tbe  load  index  (N^/b).  The  simple 
expressions  result  in  those  expressions  in  vhich  the  optimum 
face  stress  is  used,  as  given  below. 

tf-  ,  2f3  [Vt-MSm1©]'4' 

b  TT^fK^Case 
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fcg.  ,  {}  (l -rftO^Ofc 

b  nx  Ep  s^sGue 


<1.51) 


*  g£_  [e*-i-  W  S.nVr** 

b  s,«9 


(3L-5C) 


w-«m  -  i5  ( «  qy  [> 

b  TTl«rfK^  5.„le  G.S© 


(1.53) 


Th«  geometric  rariablea  Id  teraa  of  the  apeelfled 
load  index  art  given  balov.  Tha  weight  equation  in  teraa  of 
the  load  index  ia  given  by  (1.^7). 


ie  .  s,ne 

b  rt  cf*K*. 


(Cote^  Vl  [c^+M  S#ViV| 


(1.3*) 


b  it  [e*-m  s,W) 


(1.55) 


b.  *  4 _ (eg  tf'ler+'is;-*] 

b  (3)V|  if*-  O-'/ff'Ef*1'  K*f  (5»h  ^ 


(1.56) 


One  uaeful  relationahlp  la  the  rela'jlonehip 
between  the  veb  thichnaea  to  the  facing  thiekneee,  which  la 


eaally  aeen  to  be 

/“)  -  -A.  (  fcf4). 

l  2  Sin© 


(1.37) 
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As  before  it  is  acfc  necessary  to  determine  the  precise 
Talus  of  tha  buckling  coefficient  X,  froa  Figure*  3  or  5  of 
Rafsrsncs  3*  It  is  only  accessary  to  knew  fiist  ths  ratios 
Etft  / and  V  ~  fr  *=-? 

for  tha  optimised  construction.  Fros  the  foregoing  these 
raluss  ars  found  to  bs: 


Ecfc 

Iff  If 


£c  JL 

£f  12  Sin1© 


(1.58) 


and 

v--  c-^)  f>  tiljji  Si-/e]  .  u.59 

£<_  _n_  K.  S  i  n "  0  £<ri 1  © 

A  rary  rapidly  converging  iteration  results  whan 
thasa  aquations  are  used  with  Figures  3  or  5  of  Reference  3  to 
dateralne  K.  In  optlbius  construction  V"  ,  the  transverse  shear 
core  flexibility  paraas  -er  will  usually  be  very  saall. 

The  actual  design  procedures  will  be  given  in  suaaary 


fora  in  Section  I  of  this  chapter. 
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F.  Governing  Equation*  for  Panels  Composed  of  Orthotropic 
Material* 


1 .  Overall  Instability 

As  of  the  date  of  this  report  there  Is  no  published 
study  of  the  overall  stability  of  corrugated  core  sandwich 
panels  employing  orthotropic  materials  under  uniaxial 
compressive  loads.  However,  it  is  not  difficult  to  deduce  the 
form  of  the  expression  for  overall  instability  by  reference  to 
closely  related  analyses. 

On  page  53  of  ARC-23  (Reference  4)  the  expression  for 
overall  instability  of  a  honeycomb  sandwich  panel  utilizing 
isotropic  materials  under  uniaxial  compression  is  given  by 

fli  .  Ec1T*PK 

bLH  (1.60) 

UJ^erc,  H  -  2-  E'f'tf. 

On  page  96  of  AHC-23  the  expression  for  the  overall 
instability  of  a  corrugated  core  sandwich  panel  utilizing 
isotropic  materials  under  uniaxial  compression  is  given  by 


Of  *  Ef  * 

blH 


(1.61) 


where  H  -  +  for  the  corrugated  core 

sandwich  construction.  The  expressions  seem  to  be  identical 
in  fora. 
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On  page  82  of  AKC-23,  the  expression  for  the  overall 
instability  of  a  honeycomb  core  sandwich  panel  utilizing 
orthotropic  materials  under  uniaxial  compression  is  given  by 


&(  Ef*  fT  z  tJ  D*  Dy  ' 
b  lH, 

vhere  H  *  2S,  X 
x  f*  f 


(1.62) 


Comparing  this  with  Equation  (1.60)  it  is  seen  that 
concerning  flexural  properties  E^,  is  replaced  by  *\J  I^E  1 
vhile  in  extensional  properties  Ef  Is  replaced  by 

Therefore,  from  the  foregoing  it  is  hypothesized 
that  for  a  corrugated  core  sandwich  panel  utilizing  ortho- 
tropic  materials  the  equation  will  be  identical  in  form  to 
(1.62),  namely  Of  -  H — ) 

or  in  terms  of  the  load/inch,  will  be 


f\J  -  TT  V^- ^  t 


(1.63) 


Here,  If  »  O'  H  ,  and  in  being  consistent  with  the 
x  1  x 

previous  discussion  in  Section  C,  concerning  D  »  E^I^,  t^1*n 


!DVD  "  yJK  ** 

x  y  V  fx  fy  f 


EfxEfy  Vc‘  '2 


Analogous  to  Section  C-l,  it  is  also  hypothesized 
that  the  curves  3  and  5  of  Reference  3  nay  also  be  used  to 
determine  the  value  of  the  buckling  coefficient  K  by  suitable 
transformation  of  the  isotropic  material  properties,  to  those 
of  orthotropic  materials.  The  replacements  correspond  to 
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thoae  aade  to  obtain  Equation  (1.63)*  Hasca 

V  '  Vgac)  Its  \  (  M‘-  (Et C(±- 

U‘/\  b'  (Tc 


(1.6%) 


Ec,l<  *  \/Et<  1  to  I 

tpTp  ^EfK  Efj 1 


2.  face  Plata  Inatablllty 

Tlnoahenko  and  Oara  (Reference  7 >  p.  fco4)  preaent 

an  axpraaalon  for  tha  critical  atraaa  for  an  orthotropic 

plata,  aiaply  aupportad  on  all  edgea,  of  width  b  and  length  a 

(a  b),  and  thickneaa  h,  aubjected  to  a  uniaxial  load  In  tha 

lengthvlae  direction. 

Tha  expreaalon  given  la 

O'-  _2jli  ({0,0k  +  D-j) 
bl  h 

where  D,  =  Ex  l  3 

ll(l- 

IZ  (  I  -  0*y  0y*) 

03  -  £  (  Dz  +  D,  j  4-  z  (6r)»? 

Defining  a  conat&nt  E  aucb  that 


(1.66) 


tha  critical  atraaa  can  be  presented  in  the  fanillar  fora  for  a 
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simply  supported  plate  under  uniaxial  coiprciiios  in  the  length¬ 
wise  direction,  namely, 


<f  *  17  2  g°  ^  . 

3(,-v'A3vj*)k>x 


(1.67) 


For  the  local  facing  instability  of  the  triangulated 
core  construction,  froa  Figure  1,  the  expression  is  easily 
determined  to  be, 


<rf  «  _ _ 

12.  lie  ( 

where  the  subscripts  f  refer  to  the  facing  material. 


(1.68) 


3-  Web  Plate  Instability 

Again  from  the  geometry  of  Figure  1,  it  is  seen  that 
for  the  web  plates  Equation  (1.67)  can  be  written  as 


(Tr  nZ  foe  tcr  Cos1© 

i-  -  ; 

3^*0  \  I  ■'l/fcijC  VjJXC,) 

where  the  subscript  c  refers  to  the  coa 


(1.69) 


iterial. 


k .  Load-8tress  Relationship 

Analogous  to  Equations  (1.17)  and  (l.l8),  replacing 
the  K  ralues  by  E^  values  in  extensions!  quantities,  the 


corresponding  relationship  for  orthotropic  materials  are 

Oc.  "*■  ^~c* 


(1.70) 


(1.71) 
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Equation  (1.71)  io  consistent  vlth  Equation  A,  page 
flO  of  ARC -23  (Reference  U) . 

Again,  It  should  be  noted  ^.hat  when  the  face  Material 
differs  fron  that  of  the  core  Material,  the  expressions  (1.70) 
and  (l.7l)  pertain  only  to  the  range  of  loads  and  stresses 
less  than  the  proportional  Unit  of  both  the  face  and  core 
Material.  Vhen  either  face  or  core  Materials  are  stressed 
beyeng  the  proportional  Halt  an  iterative  procedure  Must  be 
enployed  utilising  the  properties  dsscribed  in  Figure  3. 

5 •  Weiaht- Relation 

As  before  the  weight  equation  for  this  type  of 
construction  Is  given  by 

w-w^  -  . 

Jin  a 


29 


NAZC-ASL- 1109 


0 .  Structural  Optlmlzat Ion  of  Panels  la  Which  Paces  and  Core 
are  Composed  of  Different  Orthotronlc  Material! 

For  brevity,  the  structural  optimization  for  ortho- 
tropic  panda  will  be  performed  firat  for  the  caae  in  which 
the  face  and  core  aateriala  differ.  The  governing  equations 
with  which  to  optimize  are  given  by  Equationa  (1.63),  (1.66), 
(1.69),  (I.70),  (1.71)4  and  (1.72),  and  summarized  below: 


n*  =  k 


(1.73) 


2b- 


Of  »  TT  1  Eq f  trX _ 

a  ^<JXf)  /to  t2c*Vl& 


( 1  -  7  ^ ) 


Of 


N» 


Ef*.  tc}  CoilG 

£ck  3 

<fc  [  ^  +  *  tfl 

f  L  Sin  9  J 


(1.75) 


(1.76) 


VJ-VJoJl  ~ 

Sin  G 


(1.77) 


The  philoaophy  of  optimization  ie  identical  to  that 
expressed  in  Sectiona  D  and  E  of  thia  chapter,  namely,  all 
independent  modes  of  failure  that  cauae  the  panels  to  be  con¬ 
sidered  structurally  unaound  must  occur  simultaneously  to 
produce  a  panel  of  minimum  weight. 
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Again  there  are  six  unkncvas  and  five  equations. 

The  sixth  equation  is  obtained  by  expressing  the  weight  equation 
in  teras  of  a  convenient  variable,  and  setting  the  derivative 
of  the  weight  equation  with  respect  to  thie  variable  equal  to 
zero  to  obtain  the  value  of  that  variable  which  will  ensure 


ainiaua  weight. 

Algebraic  Manipulations  of  Equations  (1.73)  through 
(1.77)  can  produce  the  weight  equation  as  t  function  of  the 


angle  0  only,  as  follows: 

b  K^tr  (Efx£f3)Vf  Ecf^  S^9 

|  H  i^J-e  +  (fr)  (  ( If.)  ‘  -a°  } 


(1.78) 


_fle  +  0  Si, 


(1.79) 


Taking  the  derivative  of  Equation  (1.78)  with  respect 
to  0  and  setting  the  result  equal  to  zero,  provides  the  equation 
to  deterulne  9  which  will  insure  ainiaua  weight.  This  equation 
can  he  written  as: 
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Iot9  that,  again,  the  value  of  0  producing  a  minimum  veight 
panel  ia  independent  of  the  load  index  (l  )  and  the  buckling 
coefficient  K.  It  is  therefore  also  independent  of  the 
boundary  conditions. 

The  "universal  relationship"  relating  the  unique 

value  of  face  stress  to  a  given  applied  load  index  (ll  .  )  is 

x/b' 

given  by 

Nj  *  3^ 

k  n1K',‘-Esr,v(jFil|rCj)l/'<  S.^e  Cn.e  (l.fls) 

where  0  is  known  froa  (l.8l). 

The  geometric  variables  t  ,  t  and  h  can  now  be 

f  c  c 

expressed  in  terms  of  the  optimum  face  stress  determined  by 
(1.82),  or  the  load  index  (l*x/b).  The  simpler  of  the  two  sets 
is  in  terms  of  0^  and  6  and  is  given  as  follows: 
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i£  *  2f5  Of  M0 

b  (Leiurf'* 


(1.83) 


*  TT1  toc^K  ^  St«&C*t* 


(1.84) 


hi.  *• 

b 


Mi.  M  '/u 

<y  M0 _ 

TtV^  (Cr*  £f3)iA,i-£> 


(1.85) 


The  same  variable*  expressed  xn  tbb  of  the  load 


index  (5xyrfe)  and  0  can  be  written  as, 


tf  *  2  (*)  Sm9(  ^  (l^f  V  f )  ^  _ 

b  rr  Hof"*  (Coi®;Vt(tp*ic^),/f 


(1.86) 


ti.  ft)**  ( 'e?Tc°fl'( 

b  IT  EoXeraCfg)^ 


(1.87) 


hi-  *  £0f  ^  (CoS  9)*^  W 

b  3V1  tJ/r  ^  Vv  (  ^  g-^^.w 


(1.88) 


One  oaher  useful  relationship  is  found  to  be  the.  core 
thickness  as  a  function  of  face  thickness.  Pros  (I.83)  and 
(1.84)  or  (1.86)  and  (1.87), 
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£&.  1 

f-i‘4 

Ao 

tr 

UfJ 

2  5,„P- 

(^)  (1.89) 


As  before,  it  is  necessary  to  determine  the  buckling 
coefficient  X  from  Figures  3  or  5  of  Reference  3«  First  we 
must  determine  the  flexural  stiffness  ratio  and  the  transverse 
shear  core  flexibility  parameter.  They  can  be  found  from  the 
foregoing  and  are  written  as, 


Ecfc.  ,  ilc 

BfXg  {U*  Cfg  V  Coo)  II  (1‘90) 

Va 

C<rJ«  (Eck^I^oIC.  \  ro#r'  '  Ct*'  (1.91) 

A  very  rapid  iteration  produces  the  value  of  K. 

The  actual  design  procedures  are  given  in  summary  in 
Bectlon  I  of  this  chapter. 
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H.  Structural  Qptlal zatlon  of  Panels  with  Face* 
of  the  Sane  Orthotropic  Material 


The  governing  equtions  with  which  to  optimize  for 
this  construction  can  be  obtained  easily  by  contracting  the 
eet  (1.73}  through  (1.77)  by  letting  ®  5  * 

Efy  "  Ecy  Ey»  ff  Pc  ’  C  '  Vxyf  "  ^  xyc  ^  Xy' 


^y xf  "  *yxc  "  Vy 
become: 


V  ,  and  -  O'  .  The  equations 


Nx  -  TT1  trhS. 

Zlo1- 


(1.92) 


r>1  Ep  _ 

I  2.  ~t*s+V19  (  I 


(1.93) 


or  =»  tt1  £0  Coixo 


(1.94) 


V*  ''A/*o( 


•»  p  itp  +  ■»  £. 

'  [  5.«  ©J  a 


(1.95) 


Nx  *  r  ^  -  (w-WArf) 

1  i° 


(1.96) 
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Proceeding  exactly  ae  before,  the  weight  equation 
can  be  expressed  In  terns  of  ©  only,  and  becomes, 

W-w«4  ,  3^  p  (*fr/b)4  [it  4l.lo]  ^ 

b  rr  (£»£-)‘^  C01/w  S.«e  (1.97) 

".he  derivative  of  (1.97)  with  respect  to  Q  provides 
the  unique  value  of  Q  which  will  result  in  a  minimum  weight 
structure.  It  is  found  to  be 

2 

Sin^O  -  7  ,  ©  cs  32.4  (1-98) 

It  should  be  nc  *d  that  it  is  independent  of  the 
j-lue  of  the  load  index,  the  buckling  coefficient  and  the 
Materials  used.  Note  that  for  the  or thotroplc  construction 
where  faces  and  core  material  are  the  same,  the  optimum  angle 
©  is  identical  to  that  of  Isotropic  construction  with  the  face 
and  core  material  the  same  (see  Equation  (1.27)). 

The  "universal  relationship"  relating  the  "load 
Index"  to  the  unique  value  of  face  stress  which  will  result  in 
minimum  weight  structure  is  found  to  be: 

Nx  *  v^x)'4  crL 

b  1  rr  V'*- Eo^  ( &  U-99) 

The  geometric  variables  and  the  weight  equation  In 
terms  of  the  stress  are  determined  ae: 
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i£  *  66-^^sJ 'V 
h  'irrK^  e«> 


k  «  3/1^  (i-^v^)V 


bs  -  -L  (i£  CL  \'4 
fe  \  l  riH) 


(1.100) 


(1.101) 


(1.102) 


Vi-*u  . 

~  2-  ^Sii^r 

The  iu<  rariab)  sa  in  tarns  of  ths 


(1.103) 


load  indsx  »*•• 


found  to  bes 


k  »  2  /  i)'4  0-’/,, </„)*' (uf/b)^ 
h  \S>  K*n  E> (£.!,)*« 


k  --  /214  (‘'.A)4 

b  l->/  »r  £<>  (LxEy)* 


hx  -.  |  if*  !»W: _ _ 

*>  '2'  V>* 


w-wa  -  3  m1'1-  .  (^/b)*- 

b  U'  **<  rr  £„*•  (  eje,)" 

0 


(i.icfe) 


(1.105) 


(1.106) 


(1.107) 
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Kota  alao  that,  at  in  tha  isotropic  construction  in 
which  tha  faea  and  eora  material  ara  identical, 


(1.108) 


Again  to  find  tha  buckling  coaffieiant  K,  Figures  3 
and  5  of  Rafaranca  3  ara  usad,  caking  uaa  of  tha  following 

paranetera, 


ir  r 
£-  c 

Cflr 


(1.109) 


V.  Z±  (»W,aVtJ,)g;  (i.i10) 

{c*CJr)Vu  K 

Although  ona  night  obtain  approxinata  raaults  for 
strosaaa  abort  tha  proportional  linit,  dua  to  tha  nntura  of  tha 
quantitiaa  S  and  K  I  involving  Poiaaon'a  ratio  affacta,  thaaa 

O  X  y 

nathoda,  strictly  apaaking,  ahould  ba  llnitad  to  atraaaaa  at  or 
balow  tha  proportional  linit. 

Tha  actual  daaign  procaduraa  ara  givan  in  auanary 
in  Saction  I  of  thia  chapter. 
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I.  Design  Procedures  for  Panels  of  Triangulated,  Corrugated 
Core  (Single  Truss  Core)  Construction  Under  Uniaxial 
Compression 


This  section  presents  in  an  abbreviated  fora  the 
steps  to  follov  in  deteralning  the  ainiaua  weight  design 
curves  for  panels  of  this  type  of  construction. 

1.  Panels  in  Vhlch  Faces  and  Cores  aro  of  the  Baae 
Isotropic  Material 

a.  Known  quantities:  K  I 

•  •  3*.v°i  -y- -it 


b.  Select  material,  and  stress  values  of  interest. 
Deteralne  values  of  reduced  aodulus  E,  where 

E  ■  EE^1  * ,  for  stress  values  above  the 
proportional  Halt. 

c.  Using  Figure  3  or  5  of  RACA  TR  2679  determine 

value  of  buckling  coefficient  K  froa  ordinate, 
EcIc  y 

for - -  —  ,  and  an  abscissa  of  V-  where. 

EfIf  2* 

for  each  O' 

V  «  2  I  (  l-^)  O' 

z  e  K 


It  is  necessary  to  iterate  to  find  the  valu*  of 


K,  however  for  this  construction  V  is  very  small 


There  are  several  other  widely  used  equations  which  coulrt  b« 
used  to  determine  the  reduced  modulus.  Since  there  is  no 
general  agreement  as  to  which  is  the  most  accurate, 
simplest  form  has  been  suggested  here. 
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¥ 


$ 


orer  the  entire  rang*  of  stresses  and  hence  X 
i*  nearly  the  ordinate  intercept  mine. 
d*  for  each  stresa  rain#  selected  determine  (Hx/b) 


N*  *  *£  (i-ufc)v<-  crr 


V 

*  17  1  E 

Determine 

<hc/b)  for  #ach 

^  - 

[IS  <*  l1'*- 

b 

L2  KJ 

Determine 

* fj b  for  each  O' 

y , 

b  fr*-  £  K1'1- 

g«  Determine  t^y  ^  for  each  CJ' 


h.  Determine  (V  -  Wa<J)/b  for  each  O' 


VI  -  Wtal 

b 


e. 


fanele  in  Which  facoa  and  Core  are  of  Pi 

Isotropic  Materials 


“*  follo,'1“8  procedure.  era  applicable  for  Mr..... 
b.lo„  bh.  proportional  Halt  of  both  f.c.  and  cor.  .at.ri.la. 

a.  Select  ..t.rl.l.  and  f.c.  Mr...  ralu..  of  Intar.M 

b.  Determine  following  relationship# 


J1 


£  JL 

fr 
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e.  Obtain  the  value  of  0  free 

(>*E¥]jma6  - 


d.  Deteraine  El,.  /  E.I 
c  c  '  ft 


f. 


g- 


b. 


1. 


Ccfc  £c  -TL 

i£fff  Ef  12.  Sin’© 

Deteraine  Talue  of  K  froa  Figure  3  or  5  of  IACA 
TH  2679  for  each  Cf  where  abacleea  *V  is 

V-  (i-Vc1)^  Lg  *  *  ^  S>"*g.3 

£<_  -ft  K  Sin1©  Co-flu*® 

Again  an  iteration  is  necessary 

Determine  Hx/b  for  each  stress  value  of  Interest 

N*  ,  {3  0>X 

^  I7l  K**1  E{  5ml©  C*r%J& 

Deteraine  hc^fc  for  each 

k  l  rrl  £f  t  S.n1©  J 

Determine  for  ®*ch  Cfj 

*  TT1  Cp  X'^  Ce»© 

Determine  t  .  for  each  O' 
c/b  f 


b 


r 


Deteraine 


W-W««t  * 

b 


— - 

jjm© '  w 

(W  -  W^)/b  for  each  <7^ 

/3  Of  + 

TT  1  £f  K  ^  Sm'S  Co*© 


K. 
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k.  Determine  d  for  each  <T  to  insure  that  both 

c  I 

stresses  are  below  the  proportional  limit. 

crZ-  •  < £<* 

3*  Panels  in  tfhlch  Faces  and  Core  are  of  the  Same 
Orthotropic  Material 

The  following  procedures  apply  to  stresses  below  the 
proportional  limit  of  the  material. 

n  2  1  2  2L 

a.  Knovn  quantities  9  »  32.4  (Sin  9  •  f,  Cos  0  •  7) 

Vc^Vf  ■  7'/sl 

b.  Select  material  and  stress  values  of  interest 

c.  Calculate  E 

o 

E.=  \  + 

d.  Using  Figure  3  or  5  of  HACA  TH  2679  determine  value 
of  K  for  Ec Ic  ■  7/ 24,  and  an  abscissa  value  of  a/b 
for  each  CT 

V-  zip- g- 

An  iteration  is  necessary. 

ft.  For  each  &  determine  H  /. 

x/b 

b  1  Trv 
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f 

I 

* 


f . 

Determine 

he. 

hc^b  for  each  O' 

\  fir  _2r]'4 

L1  ”'*) 

«. 

Determine 

tfy^  for  each  O' 

II 

^1 

6  ( i  -  *"  O' 

IT 1  K*-  C.Vt- 

h. 

Determine 

t  for  each  O' 

c/b 

u 

y?  ( s) 

1. 

Determine 

W  -  wad  for  each  o' 

b 


(wf)# 


•*.  Panels  in  Which  Faces  and  Core  are  of  Different 
Orthotropic  Materials 

Tha  following  procedures  are  applicable  to  atreesea 
below  the  proportional  Halt  of  both  face  and  core  materials. 

a.  Select  materials  and  face  atreaa  values  of 
Interest 

b.  Determine  the  following  relationships 


Eei  * 

JI0  - 


1 

2. 


4  0-^c 


L*  (c,f) 


Vi. 


!  -  V 
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e.  Obtain  6  from  the  following 


4.  Determine  B  I  /  S  T 

c  c'  It 


t.  Determine  X  from  Bigure  3  or  5  of  BACA  TI  2679 

for  ScIe  ^  *fIf  calcul»ted  above  and  the 
abscissa  "V"  given  by 

V*  Op  Mp  /  /  ICj£ 
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g.  Determine  for  each  0*f 

a  V3  ( » -  f  ^  n  *  )  M0  qp  ^ 

b.  Determine  h  for  each  O' 
e/b  f 


he  »  Mo^  efr  ^ 
b  K1^  rr  < t£T#rK 


1. 


Determine  tf^b  for  each 


O’ 


f 


tf  ,  2/3  (\~J%yf  ^nf)  *Mp 

b  FcfV>-  ftffx  Ef/V4^# 

J.  Determine  t  ,,  for  each  a" 

c/b  f 

^S:  *  (Z± f  \  ^  Jlp  /  tf\ 

b  \ Hot  I  \  £fA /  2S,V,^  V  tJ 

k.  Determine  (W  -  Va(J)/b  for  each  O' 


1.  Determine  for  each  CTf  to  insure  It  remains 
belov  proportional  limit 

Oc.  *  li* 

Efx 
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CHAPTER  2. 

METHODS  OF  STRUCTURAL  OPTIMIZATION  FOR  PLAT  WEB-CORE  8/wPVICg 
PAULS  SUBJECTED  TO  UHIAXIAL  COHPRESSIOH 

A.  Introduction 

Consider  a  flat  web-core  sandwich  panel,  generalised  to 
Include  soae  arbitrary  angle  0,  as  shown  in  Figure  A  below. 


«•  2(d<-+  he  Ions)  — ►] 

Figure  4 

Generalized  Web-Core  Sandwich  Panel 


The  overall  panel  geometry  is  given  In  Figure  2. 

There  are  five  geometric  variables  with  which  to  optimize; 
namely,  the  core  depth  (hc),  the  web  thickness  (tfi),  the  face 
thickness  (t^),  the  angle  the  web  makes  with  a  line  normal  to  the 
faces  (9),  and  the  distance  between  web  elements  (d^). 
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I 

I 

The  panel  la  considered  to  fall  If  any  of  the  following 
instabilities  occur:  overall  Instability,  local  face  bnekllng 
in  the  region  from  A  to  B;  local  face  buckling  In  the  region 
B  to  C;  and  web  element  buckling.  Hence  there  are  five 
geometric  variables  and  four  modes  of  instability.  To  describe 
the  instability  mathematically,  the  analytical  expression  used 
in  each  case  is  the  best  variable  from  the  literature. 
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B.  Klastlc  and  Geometric  Constants  Associated  with  Web-Core 
Construction 


The  elastic  and  geometric  constants  for  the  web-core 
construction  can  be  determined  from  those  given  in  sore  general 
fora  by  Libore  and  Hubka  in  Reference  1. 

The  area  of  the  core  per  unit  width  of  corrugative 
crossection  parallel  to  the  yz  plane,  Ae,  is  given  by 


t  h 
c  c 


(d  +  h  tan©)  Cos© 
r  c 


(in.) 


(2.1) 


The  moment  of  Inertia  of  the  core  per  unit  width  of 

corrugation  croosecticn  parallel  to  the  y-z  plane  taken  about 

the  centroidal  axis  of  the  corrugation  crossection,  I  is 

c 


seen  to  be 


t  fa  3  Ach  2 

j  .  - ~£ — £ - - —  -  - £ —  (in.  \ 

c  12  Cos©  (d.  +  h  tan©)  12  1 


(2.2) 


The  extenslonal  stiffness  of  the  panel  in  the  x-dlrectlon 
EA*  is  given  by 

EAX®  +  2  Bftf  (lbs. /in.)  (2.3) 

where  and  are  the  compressive  modulus  of  elasticity  of 
the  core  and  face  material  respectively. 

Neglecting  the  shear  stiffness  of  the  facings,  the 
transverse  shear  stiffness,  per  unit  width  in  the  x  direction, 
of  an  element  of  the  sandwich  cut  by  two  y-z  planes  is  seen  to  be 
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D  -  C  (2.k) 

r 

since  there  is  no  shear  continuity  in  the  y  direction  for  the 
veb-core  construction.  Hence  the  transverse  shear  flexibility 
parameter  in  the  y  direction,  is  given  by 


V-  *>. 


(2.5) 


Lastly,  the  moaent  of  inertia  per  unit  width,  I^,  of 
the  faces,  considered  as  membranes,  with  respect  to  the  -sandwich 
plate  middle  surface,  is  seen  to  be 


Vc‘ 


(in.3) 


(2.6) 


Since  tf  <<  hc,  the  core  depth,  h^,  can  be  taken  as  the 
distance  between  the  centerlines  of  the  faces. 
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Materials 


Because  in  Chapter  1,  the  governing  equation!  were 
formulated  rigorously  for  panels  with  isotropic  materials,  and 
there  tne  philosophy  and  assumptions  were  discussed  in  extending 
those  expressions  to  panels  composed  of  orthotropic  materials, 
the  details  will  r  t  he  repeated.  The  most  general  case  is 
the  panel  whose  face  and  core  are  composed  of  different  ortho- 
tropic  materials,  as  given  below,  t or  isotropic  materials,  or 
the  same  material  used  in  face  and  core,  the  expression  can  be 
easily  simplified. 


In  this  case  K,  the  buckling  coefficient,  is  given 
in  Figure  2  of  Reference  3  for  panels  with  edges  simply  supported, 
and  by  Figure  k  of  Referenos  3  for  panels  with  edges  clamped. 

Unlike  the  case  of  triangulated  core  construction  where  V  was 
finite,  in  this  construction  V  is  infinite.  The  result  is 
that  where  for  triangulated  core  construction  K  became  constant 
for  a  y  b,  for  web  core  construction  K  is  always  a  function  of 
a/b. 
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Vo  utilise  Figures  2  end  fc,  or  for  sore  accuracy  to 
utilise  the  general  expression  for  K  given  as  Squat Ion  6  of 
Reference  3,  it  is  necessary  to  determine  the  ratio  of  beading 
Stiffness  of  the  core  in  the  x  direction  to  the  bending  etlff- 
r  ihb  of  the  faces.  Utilizing  Equation#  (8.6)  and  (8.6)  the 
expression  can  be  written  asi 


,  V1'- ^ - - -  (8.8) 

Ef if  <  tan©)  Css® 


8.  Face  Plate  Instability 

Using  Equation  (1.67)*  the  expression  for  faee  buckling 
in  the  region  of  A  to  B  of  Figure  is  found  by  setting 
b  »  df  ♦  2ha  tan  0,  h  •  tf ,  1Q  ■  BOJf,  V  «  V^,  and  CT  •  O^.  The 
resulting  expression  1st 


rr^es  fcfv _ _ 

3(  I-  Vyuf  )  (df  t 


(8.8) 


For  the  faee  panel  buckling  in  the  region  S  to  0  of 
Figure  k ,  substituting  Into  Squatlon  (1.67)  the  following! 
b  «  dj*  h  -  tf,  y  ■  Yj  and  CJ  ■  the  following 

expression  is  obtained! 


df  *  n^Eo f  tp1 

dp1 


(8.10) 


3.  Web  Plate  Instability 

Again  using  Squatlon  (1.67)>  if  b  ■  h  /OosG,  h  ■>  t  . 

C  0 
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R  •  I  ,  V  *  V  ,  and  O'  -  O'-,  the  expression  la  s«an  to  bat 


a, 

3 


(2.11) 


*•  tojjiimi .Miua Rthia 

Analogous  to  tha  davalopnant  In  Chapter  1,  the  faea 
atraas  ean  ba  related  to  tha  stress  la  tha  vab  elements  by 


Oc  *  Of, 


(2.12) 


and  tha  load  par  inah,  1^,  la  related  to  tha  faoa  strata  by 


N* 


<* 


[Ec*  ■he.kc. _ 

[Ef*  (d-f  ♦  hchui  &)  Cm  © 


(2.13) 


Again,  it  should  ba  notad  that  vhara  tha  faea  natarlal 
diffart  froa  tha  eora  natarlal,  tha  expressions  (2.12)  and  (2.13) 
partaln  only  to  tha  yange  of  loade  and  stresses  lass  than  tha 
proportional  linit  of  both  tha  face  and  cora  natarlal.  Whan 
althar  faea  or  cora  natarlal  are  stressed  beyond  the 
proportional  Unit  an  iterative  proeadure  nust  ba  euployed 
utilizing  tha  properties  described  in  Figure  3* 


3*  Wolnht  lauatlon 

The  velght  equation,  analogous  to  tha  procedures  of 
Chaptar  1,  is  found  to  be 

-  (2.1*) 

{df  +  h«-faK©)  C**Q 
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0.  Structural  Optimisation  of  Panels  with  Pacts  iflj  Port  of 

Pl/fTtnt  9rt^?trgp^  najatuii 

The  Inportant  relationships  to  utilise  la  tha  optlalsa- 
tlon  ara  tha  stability  expressions  given  la  Bquatlon»  (8.7)# 
(8.9)#  (2.10),  (2.11))  and  tha  load-stress  ralatloashlpa  |lrai 
by  Squatlons  (2.12)  aad  (2.13).  Thus  thara  ara  six  aquations, 
and  tha  seven  unknowns}  tf,  hfl,  tc,  0,  df,  0  tt  and  Q^.  Tha 
saranth  aquation  Is  obtains!  by  axprassing  tha  weight  aquation 
(2,lk)  In  sultabla  Torn,  and  sotting  tha  derivative  of  tha 
aquation  with  rospoct  to  a  convenient  variable  oqual  to  saro, 
to  obtain  tha  value  of  that  variable  which  will  lnsuro  nlnlnun 
weight. 

Tha  philosophy  of  optlalsatlon  is  idontleal  to  that 
axprsssad  In  Sections  D  and  I  of  Chapter  1;  naaaly,  that  all 
Independent  nodes  of  failure  that  causa  the  panel  to  bo  con¬ 
sidered  structurally  unsound  Bust  occur  simultaneously  to  produce 
a  panel  of  nlnlnua  weight. 

Before  proceeding  It  Is  Interesting  to  note  that  sotting 
df  »  0  In  tha  aquations  of  Section  C  above  reduce  than  to  tha 
sane  net  given  In  Baotlon  0,  Chapter  1  for  tha  triangulated 
construction.  Obviously,  vlth  df  -  0,  Iquatlon  (2.10)  does 
not  exist 

At  tha  outsat,  equating  Bquations  (2.9)  to  (2.10)  results 
In  tha  fact  that  for  optimum  construction  of  veb-sore  panels. 

®  ■  0.  (2.15) 
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Thla  is  Intuitively  obvious.  The  result  is  that  the 
expressions  with  vhlch  to  optimise  ere  simplified,  end  the 
e one true t ion  given  in  Figure  4  een  now  be  repleeed  by  the 
fasiliar  veb-oore  construction. 

Proceeding  es  before,  the  final  expressions  for  the 
optimised  construction  ere  written  es  follows. 


N,  «  YT  (i- (ejf'let)  RA<rf'-  , 

*>  n'K^  W  'r  (* 

where  K  is  determined  from  Pigures  2  or  h  of  Reference  3,  or 
Iguetion  6  of  Reference  3,  in  which, 


V« 


oO 


(2.17) 


Etifc  -m  ick  -  L  /£f\/iiJs££g\^U 

Efip  (.(Cf,C/,y/v  ^ 'NUfeCfi  ) 


(2.18) 


It  is  also  convenient  to  define  e  parameter  R  asi 

K*  l  +  i(|^)(^)  <*•«) 

The  optimised  geometric  variables  end  the  optimised 
weight  in  terms  of  the  optimum  face  stress  O' end  the  load 
index  (lg/b),  ere  given  below. 


{•(sxaijS^pK 

-  {&»«*&)*■ 


'J I 

?rlK 

</ 


EssC*. 

_1Vvi HO-S*  V*)  (Cf«Ef|f*  J 


Vi. 

(2.20) 
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d,_  2*4.  <**i- 

*  «*bvvij  V*-)  UJ  <&.«*>*  ' 


******  MyV? 


(«f(sar»)'*a?' *«>  «•« 


£fc  *  jt.  /i»^  &,X'<ff 

b  #£•«.)  J  U*! 

*  ii  f  » Vrjj  /*k  \1 !/t  /fcl  *  (M^4 

ffK^  L  (Cfx^)  (  c#f  f,t)  l  ^x/J  v  f  '  ft* 


=  4* 


tj.  «  Js!L  6^9cVt«)Vu  ( J0E ]V  £*\  ft*  <* 

b  nl*  e*o^KS*uv  l  eJ 


b  r 

[j*££^Tf-L  /lEisV* 

"*Vm  (l-V.s,VjxpjW  *f «/  #* 

<e*^f 

b  n  K/LU*»  *,).(£.,  e~)  J  '**> 

*  3UWfrfr)V|f  (i^^^«»)(i->/,,.v>ac)]^  (WvV)Vl 

ttk'^  L(r*ft,-)(e.,c.*)  J  ft* 


(2.88) 


(2.23) 


(2.2k) 


Proa  those  expressions,  sobs  Interesting  relationships  are 
derived,  naaely, 


ht » 

if  UN  V  &«/J 


(2.25) 


[(^7^)(S)(^)]' 


(2.96) 


S ’(£)(*) 


(8.27) 


•  55  - 


PMWumwf/wnw# 


i 


NAEC-ASL-1109 

Thus  In  the  general  case  or  orthotropic  Materials,  and 

different  faee  and  cor*  Materials,  the  ratio*  c*  (h  /d  )  and 

o  f - 

(%/%_)  aa  veil  aa  the  relatlonahlp  between  hese  two  ration 

w  • 

ara  lndapendant  of  load,  and  lndepandant  of  boundary  condi¬ 
tions  for  optlnun  construction. 

It  can  also  be  shown  that  eren  In  thla  ganaral  Materiel 
ajritia,  tha  ratio  of  faca  weight  to  eora  walght  for  optlnun 
•onatruetlon  las 


X  n  2  • 


(2.28) 


This  ratio  too  la  lndapendant  of  load  Index  or  boundarj  condi¬ 
tions,  and  also  results  In  the  fact  that 


'ad 


‘  s*(fc) 


(2.26a) 
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K .  Structural  Optimisation  of  Panels  with  Fmt 


Tb«  resulting  expressions  for  the  optiaiced  structure 
can  be  obtained  froa  Squationa  (2.16)  through  (2.28)  by  allowing 

X  »  X  ■  X  -  S  ,  E  -E  "X,  and  y  .  •*  V  •  V 

fx  fy  of  f  cx  oc  c'  xf  yx 

toy  both  face  and  core  aaterial.  The  results  arei 


Tnireraal  Relatlonshli 


n»  .  {j  0-^)%-^  ltf'\  ^af\ 

b  TT 1 K.'1'  Eff,u[ro) 


(2.29) 


where  K  is  determined  froa  Figure  2  or  4  of  Reference  3,  or 


froa  Xquation  6  of  Reference  3  in  which 


•  J-  /  eeU&\ 

Ef  fF  LKftlKtf) 


(8.30) 


(2.31) 


For  this  case  R  becoaes 


fi.-  I  *  2 


($)  IS) 


(8.32) 


The  optimised  geoaetrio  rariables  as  well  as  the 
ainiaua  weight  expression  are  giren  in  teras  of  the  optiaua  face 
•tress  (J*  and  the  load  index  (H^/^). 


,  (a  ( es\  & 

*  Itt'k \t''i  tf  J 

„  f  i*H  ((£\''Le£  A>lH 


(8.33) 
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If  £  1 «'fK 

b  ITK^  \  \^fLj  Ef 

•  30— „.(!&£_(&)''£?  f'W- 

3^7^  o^r  \,  p**  /  e/tt 

tf  ’  Jl!L  O-^f^O ■**)*'* fid 

i>  fr*KK  Ef**' 

= a!L  (■•'-‘),,t(""i)',|/^\l,‘-  (»,/>)**• 

rK^  Ef^  E>  l(°" 


(2.34) 


(2.35) 


JlL  (•-*.*)  UhlU  Pjfifia' 

b  IT4**  V  p*-/ 

»J>  k-aff  (H,  /,)*»•  (2.36) 


w-»xt 

w 


Tf'‘<Kv  Ep1' 


(2.37) 


From  theea  expression*  several  useful  relationships 
can  be  derlved>  namely, 


(2.38) 

(2.39) 


(2.40) 


(2.41) 

lote  all  of  these  expressions  for  an  optimum  construction  are 

Independent  of  boundary  conditions  and  load. 
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F.  Structural  Optimization  of  Papels  with  Fa ces  £iA  Co re  of  the 
S*ae  Qrtbotroplc  Materials 

The  resulting  expressions  for  this  optimised  eonstruetion 
can  he  obtained  from  Equations  (2.16)  through  (2.26)  by  simply 
letting  each  quantity  (  )c  “  (  )f  =  C  )• 

The  results  are: 


Universal  Relationship 

,  qfi  (|,|/»?V)>*g'»*'  ./W-Wiull  o',  ( 

b  n<- k- \  ? 

where  K  Is  determined  from  Figure  2  or  k  of  Reference  3, 
or  from  Equation  6  of  Reference  3,  in  which 


V  *  oh 


(2. *3) 


and 

gqc  -  i  . 

EfXf  ^ 


(2.H) 


The  optimum  geometric  variables  as  well  as  the  expressions 
for  minimum  weight,  given  In  terms  of  the  stress,  C T  (slues  &c  ■ 
Of  )  or  the  load  index  (M^/^)  are  given  by: 


(2.VJ) 


(2.46) 
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•  $ILt  (j^V)^x  -  3(2)^  f  (i  ^v),)V4JVl- 

*  V.  /-  -  \¥u  '"■■  *  0  0  *  J  , 

*  rr k ^  e^v  (txC^)^  *2‘ 


It  is  «een  that  f or  a  panel  in  which  the  sene  orthotropic 

■aterial  la  used  in  face  and  core  (and  obviously  the  stiff er 

direction  placed  in  the  x  direction)  for  ainiaua  weight 

construction,  the  face  thickness  and  web  thickness  are  equal 

(t  •  t  ),  and  each  "cell"  is  square  (h  -  d  ).  Again  the  facing 
c  r  c  r 

weight  is  twice  the  core  weight  (Wf.'Wc*2).  Then  since  Wf*2 
and  for  this  aaterlal  systea  tc  -  tf,  it  is  seen  that 

^  ‘  *f(*r)- ■*?(*).  <2'w) 
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xne  expressions  can  be  easily  deduced  froa  either 

Equations  2.42  through  2.48  by  letting  E  •  B  -8  -I.  and 

o  x  jr 

V  •  V  “  ;  or  from  Equations  2.29  through  2.41  by 

xy  /  * 

letting  (  )c  "(  )  f  =  C  )  • 

In  this  construction,  since  (l)  the  material  is  iso* 
tropic  and  (2)  the  face  stress  equals  the  core  stress 
(<y^  m°f  “  O'  ) »  the  expressions  can  be  employed  for  loads 
resulting  in  stresses  greater  than  the  proportional  Halt  by 
utilising  a  suitably  defined  reduction  factor  ,  such  that 

E  •  cj  E,  Thus,  in  the  following  E  is  used  to  denote  that  the 
expressions  are  valid  in  the  range  of  inelastic  def oraations . 


Jnlversal  Relationshli 


^  qfZ  (  i  - J  *•)  /L  &  x  (W-WsjjJ  j £  # 
b  ryi  g  b  f 


(2.49) 


The  geometric  variables  and  the  alnlaua  weight  expression  can 


be  written  as: 


to  to 


■,  2  (_U) 

nN?MV'  g-* 


(2.50) 


(2.5D 


(2.52) 
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This  ••etion  presents  la  an  abbreviated  fora  the  steps 
to  follow  in  detaralning  the  ninlnun  weight  deslrn  curves  for 
panels  with  this  type  of  construction. 


bi  Select  naterial,  and  tbs  stress  values  of 
Interest.  Determine  values  of  the  reduced  nodulus  ¥, 
where  ¥  -  Y  (or  equivalent),  for  stresses  eiovo 
the  proportional  Unit. 

e.  Using  Figure  2  or  4  of  BACA  TH  26 79  deternlne 


the  buokllng  coefficient  K  fron  the  ordinate  for  the 
value  of  a/b  given. 


d.  For  each  value  of  stress  value  selected,  deternlne 


I  L  by 
b 


b  rrtf  Kv*- 


b  df 

Deternlne  —  and  —  for  each  stress  value  by 
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t  df 

Determine  —L  and  —  for  each  atreca  value  by 
b  b 

tf  ,  4  *  3fi0 
h  h  n'-  Kv*-  e 

Determine  the  minimum  weight  for  each  O'  by 


b 


(£)# 


The  following  proceduraa  apply  to  atreaaea  below  the 
proportional  limit  of  the  material. 

a.  Known  quantltlea:  _ 

.  -  0°,  -sii.  .  i  ,  V.  -  ,  ./* 

*fTf  6 

b.  Select  material  and  atreaa  valuea  of  internet. 

c.  Ualng  Flguree  2  or  A  of  HACA  TM  2679  determine 
the  buckling  coefficient  K  (the  ordinate)  for  the  value 
of  a/b  for  the  panel,  or  uee  Equation  6  of  HACA  TH  2679. 

d.  Calculate  X 

o 

Ea  *•  t  4  'Sty  vt*)J 

e.  Por  each- atreae  value  of  lntereat  calculate  (>x/^)  by 


N*  .  qfc  ( » '*>-  V 


b  fil  k^1  cJ'-OCk  k¥) 

f.  Determine  (h  /  )  and  (d  /.  )  by 

CD  f  0 

_ Pr|t,‘- 

g.  Determine  (tf/b)  and  tc/b)  by 

tf  «  ■fcv.  ^  1  fL  (  1  Vj|  K  )  Oy 

k  *  n  <■  k"1- 
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b.  Deteralne  the  ainiaua  weight  by 


1  (*)# 


Inotropic  Material! 

The  following  procedure!  are  applicable  for  atreasec 
below  the  proportional  Halt  of  both  face  and  core  aaterial. 
a.  Known  quantltlea: 


0  -  0°,  7  =  ,  a/b. 

b.  Select  aateriala  and  face  atreaa  valuea  of  intereat. 

e.  Calculate 

'£■(£)(!;)  *■£(*)(£) 

4.  For  thia  value  of  I  I  / I.T.  uae  Figure  2  or  4  of 

c  c  f  f 

VACA  71  2679  to  deteralne  K  froa  the  ordinate  for  the 
given  value  of  a/b,  or  uae  Equation  6  of  RACA  TH  2679 
to  obtain  the  value. 

e.  Deteralne  <"x/b>  for  each  O’  ^  by 

Ng,  *  G  / &]  fi*io'eL 

b  TTtK'/»' 

f.  Deteralne  d^^  for  each  d  ^  of  Intereat  by 

b  rrK^  \  1 '•'(•'■/  tp 

g.  Deteralne  h^^  for  each  Cf*  by 

*  •  (#f  H 

h.  Deteralne  (t^^)  for  each  by 
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1.  Detaralna  *or  •»eh  ^  by 

%•  •  (ie)‘(s*f  (?) 

4.  Dstsraina  (W  -  Vft4)/b  for  aach  by 

W~W<4  x  3  p  p  |jp 
b  '  k 

k.  Datsralna  O'  for  aaeh  0"  to  lnsurs  that  both 

c  f 

strsssss  ara  balov  tha  proportional  Halt,  by 

-  Of  It 

*•  Fanala  la  Which  Facas  and  Cora  art  of  Mffartat  Ortho- 
tropla  Matarlals 

Tha  following  procaduraa  ara  applleabla  to  atrcaaaa 
balov  tha  proportional  Halt  of  both  faca  and  eora  aatarlals. 
a.  Known  quantitiasi 

9  -  0°,  ,  a/b 


b.  Salact  aatarlals  and  faea  a trass  raluas  of  latsrsot. 
a.  Caloulate 


U& 


*  »  IU 


d.  Caleulats  X  (l  «  c,f) 


♦  Vl  ^  (‘-^t 


a.  For  this  Talus  of  S  I  /l  I  usa  Flgura  2  or  k 

oa  f  f 

of  1ACA  TX  &679  to  dataralna  tha  buckling  ooafflalant  K 
froa  tha  ordinata  for  tha  giran  Talus  of  a/b,  or  usa 
aquation  6  of  XACA  TX  2679  to  obtain  tha  Talus. 


-  65  - 


NAZC-ASL- i 109 


f.  Deteralne  B  ^ 


for  each  by 

!4i  «  g  0' S' [ b,  f</£r)  R/leit~ 

it***  (W'N 

bc 

g.  Deteralne  —  for  each  value  of  o',  by 

b  f 

he .  fi  /e*w&»\  -i£t — f 

t,  |  nlK  \  f*-/  V  £f« )  (6f»  £>,)''*■] 

h.  Deteralne  for  each  value  of  C^f  by 

*  •  H<W‘<33S)(KKfcf 

1.  Deteralne  (t  .  )  for  each  value  of  tf  by 

c/b  f 

^  »-iL- 

b  «Vl  E^je^e^MM  \ 

j.  Deteralne  for  each  value  of  bX 


*t.  a/ 


k  ff\ 


5»  /  $5*\ 

f  \  b  ;  df/a_ 


k.  Deteralne  the  ainlaua  weight  (v  -  sfor 

3rl?) 

l.  Deteralne  d  fox*  each  d,  to  Insure  that  both 

c  f 


eaeb  value  of  Cff  by 


W-wU 

b 


ilov  the  proportional  Halt 


0(  5  O'f 

Kfx 
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CHAPTER  3. 

METHODS  OF  8TR0CTURAL  OPTIMIZATIOH  FOR  FLAT,  HAT* 8HAPIP 
CORRUGATED  CORE  SAHDtfICH  PANELS  SUBJECTED  TO  UHXAXIAI* 

COMPRISE IOH 

A.  introduction 

Consider  a  flat  corrugated  core  sandwich  panel  Involving 
the  following  construction,  shown  In  Figure  5* 


Figure  5 

Hat-Shaped  Corrugated  Core  Construction 

In  the  geonetrj  shown  In  Figure  5,  there  are  five 
geometric  parameters  with  which  to  optimise;  namely,  the 
eore  depth  (h  ) ,  the  weh  thickness  (t  ),  the  fast  thlcknese 
(t f)t  the  weh  angle  (9),  and  the  length  over  which  the  eere 
material  Is  bonded  or  otherwise  Intimately  Joined  with  the 


-  67  - 


NAEC-ASL-1109 


face  Material,  d  ^  This  last  variable  does  not  exist  in  the 

triangulated  core  construction  of  Chapter  1. 

The  overall  panel  to  be  considered  is  shown  in 
Figure  2. 

The  panel  is  considered  to  have  failed  if  any  of  the 
following  instabilities  occur:  overall  instability,  local  face 
buekling  4  a  the  region  A  to  B,  local  face  buckling  in  the 
region  B  to  B,  and  web  buekling. 

Bence  there  are  four  nodes  of  instability  and  five 
geoaetrie  paraaeters.  To  describe  each  node  of  instability  the 
analytical  expressions  used  in  the  optlnlxatlon  study  are  con¬ 
sidered  the  best  available  at  this  tine. 
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B.  Elastic  and  Geometric  Constanta  Associated  with  Hat-Shaped 
Corrugated  Core  Conatr action 

The  elastic  and  geometric  constants  for  this  type  of 
construction  are  given  or  can  be  derived  from  those  glren  by 
Llbove  and  Bubka  in  Reference  1.  In  the  following,  the 
overall  geometry  of  Reference  1  has  been  simplified  to  the  minor 
extent  that  the  radii  of  curvature  at  points  A,  B,  C,  and  D  In 
Figure  5  have  been  taken  as  sero.  This  greatly  simplifies  the 
expression  and  does  not  alter  the  results  appreciably. 

The  area  of  the  core  per  unit  width  of  corrugation 
crossectlon  parallel  to  the  yz  plane,  A#  is  given  by 

t  (h  ♦  d.  Cos©)  f.  v 

X  .  c  e  f  (*»*) 

°  Cos©  (df  ♦  hc  tan©)  (3*1) 

The  moment  of  inertia  of  the  core,  per  unit  width  of 
corrugation  crossectlon  parallel  to  the  ys  plane,  taken  about 
the  centroldal  axis  of  the  corrugation  crossectlon  can  be 
written  as 

_  _  *eheg  (ht  ♦  3if  Co.  »)  (in.3) 

*  12  Cos  9  (df  ♦  he  tan  9)  (3.2) 


The  extensienal  stiffness  of  the  plate  In  the  x  direction. 


BA*  la  given  by 


Ve  *  2  Vf 


*,  *,(*»«  +  dr  Co,Q) 

Cos©  (df+h^  tan©) 


♦  2  Vf 


(lbs. /In.) 


(3.3) 


The  transverse  shear  stiffness  in  planes  parallel 


-  69  - 


NAEC-ASL-U09 


to  the  corrugation,  the  x  direction,  ia  found  to  be 


2 

J  t  h  Cos  © 
c  c  c 


(lb./ia. ) 


(h^  +  d^  Cos©)(d^*b^  tan©) 


(3.*) 


The  transverse  shear  stiffness  In  places  perpendicular 
to  the  direction  of  the  corrugations  is  given  by 


S  h  E  , 

C  n  t 
D- - — 


u-%2) 


V 


(lbs , /in. ) 


(3-5) 


The  values  of  8  to  use  in  this  expression  are  given 

ia  reference  1  by  figure  3,  as  functions  of  h  / 1  ,  t  /t  ,  ©, 

c  c  c  x 

and  p/h^ .  In  this  vork,  p  -  d^+h^tan©,  ©  of  Reference  3  is 

(90°  -  ©)  in  this  report,  and  t.  of  Reference  3  is  t  in  this 

f 

report. 

The  sonent  of  inertia  per  unit  width,  If,  of  the  faces 
considered  as  membranes  with  respect  to  the  sandwich  plate 


middle  surface  is  fou;  ’  to  be 
t  h  2 

I,  -  -UL- 

r  2 


[3.6) 


Si 


nee  t  «  h  the  core  depth  (k  )  can  be  taken  as  the 

f  c  c 


distance  between  the  centerlines  of  the  faces. 
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C.  Governing  Equations  for  Panel!  Composed  of  Isotropic 
Materials 

1.  Overall  Instability 

The  beet  expression  describing  the  overall  instability 
of  a  corrugated  core  sandvich  panel  under  uniaxial  coapressiva 
loads  is  given  by  Seide  in  Reference  3*  It  can  be  vritten  as: 

fNK  -  tt^ Ef  £f  £  _  n1  Q-tfUS  K 

b*"  2bu 

This  is  the  sane  equation  as  (1.9) •  The  buckling 
•oeffieient  K  is  found  fron  Reference  3*  Equation  6.  The 
equation  for  K  is  used  instead  of  utilizing  Figure  2  of  Refer¬ 
ence  3,  because  in  nunerical  computations,  the  nlnlaua  weight 
configuration  results  in  values  which  are  difficult  to  inter¬ 
polate  using  the  Figure,  Making  use  of  the  fast  that,  as 
stated  by  Seide,  only  one  half  sine  wave  will  occur  in  the  j 
direction  the  value  of  K  caa  be  given  as 
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where  ■  -  the  number  of  half  sine  waves  Id  the  z  direction 

V.  a/b 

1  *eV*fTf 


p 

1 


r  - 


b*i 


J 


7  - 


The  general  characteristics  of  this  equation  are 
discussed  in  sore  detail  In  Chapter  1,  Section  C-i . 


2*  Face  Plate  Instability 

Referring  to  Figure  5,  the  facings  can  buckle  In  the 
regions  betveen  points  B  and  S.  Since  the  support  conditions 
at  B  and  E,  the  unloaded  edges,  are  unknown  precisely,  It  Is 
conservative  to  assuae  that  they  are  siaply  supported.  For 
such  a  case  the  lover  bound  of  the  buckling  coefficient  for 
this  condition,  where  the  .length  to  width  ratio  Is  greater  than 
unity.  Is  equal  to  4.  The  well  known  buckling  equation  to 
describe  this  Instability,  written  in  terns  of  this  construction, 
is  found  to  be 


<Tf  V  - - 

3(i -*fL)  (tf  + 


(3-9) 


Likewise,  it  is  possible  for  the  face  plate  between 
A  aqd  B  to  buckle.  In  this  region,  since  the  core  Material  and 
the  face  material  are  intimately  Joined  or  bonded  in  some  way, 
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th*  plat*  element  has  a  thickness  of  (t^  ♦  t^).  If  the 
construction  Involves  th*  saae  material  for  both  faeiag  and 
cor*,  the  expression  for  the  critical  stress  is  found  to  bo, 
assuming  simply  supported  edges. 


a'f  «  JlL  fJVtlFl1' 

j(i^)  dfu 


(3.10) 


The  expression  will  be  aors  complicated  if  the  fas* 
aad  sore  Materials  differ  because  there  will  b*  a  shift  in  the 
neutral  axis  froai  th*  centroid. 


3.  Web  Plats  Instability 

Similarly  the  local  plate  elements  of  th*  cor*  sasa 
become  unstable  due  to  the  core  being  directly  subjected  to  a 
portion  of  th*  axial  loading,  H^.  The  conservative  assumption 
is  also  made  hsre  that  the  veb  elements  from  B  to  C  and  D  to  X 
in  Figure  5  Are  simply  supported  along  the  unloaded  edges,  since 
the  aotual  boundary  conditions  are  somewhere  between  the  simply 
supported  and  clamped  boundary  condition.  Hence  K  »  4  for  these 
elements  which  have  a  length  in  the  x  direction  greater  than  ths 
dimensions  ef  B  to  C  and  D  to  1  in  Figure  5  . 

In  terms  of  the  symbols  of  Figure  5#  th*  plats 
buekllng  equation  it  easily  determined  to  be 

<fc  »  JLife.  isJ"  Cej*®  (3.11) 

i(l-Vc') 

Iquatlon  (3. 11)  is  of  course  identical  to 
Iquatloa  (1.12). 
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The  philosophy  of  optlaitatlon  expressed  In  Chapter  1, 
See t Ion  D  is  utilised  here. 

Looking  at  the  set  of  Squations  (3.16)  through  (3.22) 
the  known  or  specified  quantities  are  the  applied  load  per  inch 
(l^)  and  the  panel  vidth  (b)  which  can  be  grouped  together  as 
the  load  Index  and  the  aaterlal  properties  S,  V  and  . 

The  buckling  coefficient  K  is  a  slowly  rerylng  peraaeter  of  the 
dependent  variables  which  is  considered  hare  as  a  constant, 
but  will  ba  discussed  in  the  next  section. 

The  dependent  variables  are  t  .  h  ,  t  ,  Q,  0"  ,  d  , 

•  c  c  f 

and  W  -  W  . .  Thus  there  are  six  equations  and  seren  unknowns, 
aa 

Turning  first  to  Kquatlons  (3.17),  (3.18),  and  (3. 19), 
it  is  found  that  the  alnlnua  weight  structure  for  the  construction 
shown  by  Figure  5  occurs  when 

0  *  -  30°  ^ 


and  £c  ,  Cf,<4- 

(fldf-Uj  TTC,/V 

and  *  (fid*  (1^  t)'4*llv 


(3.23) 


Thus  the  ainiaua  weight  panel  with  this  type  of 
construction  has  the  geoaetry  shown  in  the  centerline  sketch  below. 
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This  leaves  much  to  be  desired  from  s  practical  view¬ 
point,  because  of  the  larger  angles  through  which  the  core 
material  must  employ  small  radius  bends  In  conjunction  with  the 
comparatively  large  regions  AB  over  which  loading  is  required. 
However,  to  have  the  angle  ©  y  -  30°»  implies  that  the  critical 
stress  for  the  plate  element  from  A  to  B  will  be  greater  than 
either  the  critical  stress  for  the  plate  element  from  B  to  I, 
or  the  core  plate  element  from  B  to  C. 

Although  a  geometry  in  which  ©  J-  30°  is  not  a  true 
minimum  weight  construction  for  hat-shaped  corrugated  core 
construction,  it  is  of  interest  to  investigate  the  "optimum" 
geometry  under  the  constraint  that  ©  ^  0°  (to  avoid  a  small 
radius  bend  in  the  core  material  of  greater  than  90),  which 
implies  the  elimination  of  Equation  (3.16)  in  the  following 
development.  Thus,  euch  construction  can  be  compared  to  the 
triangulated  core  (truss  core)  and  the  web  core  construction, 
optimised  in  Chapters  1  and  2,  respectively.  Mow,  there  are 
five  equations  and  seven  unknowns.  It  would  therefore  be  desir¬ 
able  through  manipulating  the  governing  equations  to  obtain  the 
weight  equation  in  terms  of  two  dependent  variables.  However, 
due  to  the  complexity  of  the  equations,  it  is  not  possible  to 
uncouple  the  dependent  variables  jn  such  a  manner  to  accomplish 
this.  However,  appealing  to  the  fact  that  the  dimension  d,  la 
often  determined  by  manufacturing  limitations  and  restrictions, 
or  could  even  be  specified  by  some  other  consideration,  wa  can 
consider  it  as  a  constant,  and  investigate  the  optimum  construc¬ 
tion  for  a  number  of  specific  values  of  d^.  The  weight  equation 
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can  now  be  obtained  in  taraa  of  tha  Tariablaa  h^  and  0  (although 
othar  rariablas  could  possibly  hava  baan  eaploysd). 


<3-W> 

With  tha  aat  (3*25)  through  (3.29),  it  ia  atill  not 
poaaible  to  aaparata  the  variablaa  in  auch  aannar  aa  to  obtain 
explicit  eolutlona,  aa  vaa  dona  in  tha  caaa  of  tha  triangulated 
oora  construction,  tha  web-core  conatruotlon,  or  tha  honeycoab 
oora  construction  in  Beferanee  6.  A  nuaerlcal,  Iterative  scheae 
aust  therefore  be  eaplcyed- 
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A  great  variety  of  iterative  techniques  could  be 
employed.  However,  experience  with  numerical  exaaples, 
discussed  in  Chapter  k  of  this  report,  indicates  the  following 
as  the  nost  direct. 

From  (3*26)  it  is  easily  seen  that 


4e  . 

*  fr  e',v 

Fron  (3.25)  and  (3-30), 

bi  .  (»W'1- _ 

b  ir*.  E ^ 


(3.3o) 


(3.31) 


From  (3*27)  and  (3*3l)»  it  is  seen  that 

b  ir*-S*icM£ )K 


Substituting  (3-30),  (3.31)3  snd  (3-32)  into  (3-28), 
the  following  relation  is  obtained. 


n’^  t  **  K*  (dr/*)*1' 


j.  l( tix/b)  1  (3.33) 

n1- 1  K(df/b)w 


This  is  the  "universal  relation"  relating  the  applied 
10.4  (*x/b)  to  the  stress  (f  ,  for  a  given  or  specified  value 
of  (df/b). 
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In  this  optimization  procedure,  use  is  aade  of  tha 


fact  that  in  solving  (3 >33}  for  a  given  load  (*X//^)>  for 

various  specified  raluaa  of  tdf^),  that  value  of  (d^^) 

which  rasultu  in  tha  highest  value  of  straaa  O  la  tha  value  of 

(4 which  will  raault  in  minimum  weight,  according  to 

Squation  (3.22),  alnca  ad  la  inversely  proportional  to  Cf . 

h 

The  iterative  procadura  la  nov  explained  in  detail, 
for  a  panel  with  specified  load  index  (*x^)*  to  obtain  a 
minimum  weight  construction. 

1.  Known  quantity  is  0  »  0. 

2.  Select  a  material  of  construction. 

3.  Istlmate  a  value  of  the  buckling  coefficient  K 
k.  Select  a  value  °f(df^) 

5.  Istlaate  a  stress  value 


6.  Da t ermine  ¥  for  the  assumed  stress  in  Step  5, 

Below  the  proportional  limit  X  will  be  used,  above  the 

proportional  limit  ¥  •  may  he  used  (see  footnote, 

*  X 

Chapter  1,  Section  H) 

7*  Substitute  these  into  Iquation  (3*33)  to  see  if 
an  equality  is  obtained.  If  the  right  hand  3ide  is 
less  than  specified,  the  assumed  stress  is  too 

low,  and  conversely.  Repeat  steps  5 >6,  end  7  until  an 
equality  is  obtained.  This  is  the  solution  for  the 
selected  value  of  (df^). 

8.  Select  another  value  of  (d^y^)  and  repeat 
steps  k  through  7  until  a  value  of  (d-/h)  is  found  which 
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has  the  highest  value  of  CX  ae  a  solution. 

9.  For  the  value  of  (d.  ».)  which  has  the  highest 

f/b 

value  of  CS  &s  Its  solution,  solve  for  (t^^)f  (t cj^)> 
and  (h  using  Equations  (2.27),  (2.28),  and  (2.29)* 

10.  With  these  values,  using  relations  derived 
previously,  solve  for 


.  f. .  x  <**)  ism*®. 

U  <°  (W.j  (if) 


where  8  Is  found  in  Figure  3*  Reference  1 
lote:  0  of  Reference  3  Is  (90°  -  9)  In  this 
report  and  p  •  df. 

o •  r*  *■  (*>/»)  + 

IM) 


11.  Solve  Equation  (3*6)  for  K.  Because  of  the 
characteristics  of  K,  one  nay  assume  a  value  of  a  »  1 
and  ^  ■  1.6  for  a  good  approximation.  However  If  an 
exact  value  of  K  Is  required  one  can  let  a  »  1,  and 
vary  p  until  a  alnlaua  is  obtained. 

12.  Compare  the  calculated  value  of  K  tcom  step  11 
with  the  value  assumed  In  step  3>  If  they  do  not  match, 
repeat  steps  t  through  12  until  the  assumed  value  equals 
the  calculated  value. 

13*  For  the  final  solution  of  step  12,  values  of  bf/kt 
*c/b'  Lna  **o/b  wil1  h*T*  teon  calculated  In  step  9  end 
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i 


the  optlaum  stress  from  step  8,  now  calculate  the 
weight  by 

‘  <l"‘  5 

The  optimisation  will  now  be  complete. 

The  optlalsatlon  of  this  type  construction  Involving 
different  core  and  face  materials,  or  orthotropic  materials 
would  be  Increasingly  complex. 


\ 

I 
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CHAPTER  4 

1IAKPLI8  OF  OPTIMIZATION  8TUDIIS  OF  FLAT  COPPUGATID  CORj 
8ABPWICM  PAHILfl  B03JSCTZD  TO  UHIAXIAL  Il-PLAMM  C0MFR18BI01 

Ai  an  exenple  of  the  design  procedures  given  la 
Chapter  1,  Section  H.  of  thla  report  for  triangulated  oora 
(alagla  truaa  core)  panala,  deaign  curraa  hart  been  conatruetad 
for  tha  folio*  2^  aatarlal  systems,  where  the  numbers  will  ba 
uaad  to  Identify  the  aatarlala  In  tha  Flgurea  which  folio*} 

1.  AI8I  *3^0  ataeli  200,000  pal  level.  Bouroe  - 
NIL-HDBK  3,  page  2. 3. 1. 2. 4. (a) . 

2.  707 5**6  alualnua  (clad).  Source  -  NIL-HDBK  5, 
page  3. 2. 7. 1.6. (a). 

3.  I8l  glaaa  fabric  laalnate  with  polyeater  realn. 

Source  -  AHC-17,  page  33 

4a.  Facta  -  AI8I  4340  atealt  200,000  pal  level 
Core  -  707?~T6  alualnua  (clad) 

Sourcea  -  ate  aatarlala  1  and  2  above 
4b.  Paces  -  7073"*6  alualnua  (clad) 

Core  -  AZ8I  4340  steel:  200,000  pal  level 
Souroea  -  ate  aatarlala  1  and  2  above 

5.  0994  -  l8l  HT8  glaaa  fabric,  BRSB  -  0111  realn 

Bource  -  letter  froa  K.  I.  Boiler,  Forest  Products  Lab. 
to  R.  J,  Nolella,  I.A.B.C.,  dated  Septeaber  30,  1964 

6.  143  glaaa  fabrlo  laainate  with  polyester  realn 
Source  -  NIL-HDBK  17  -  CM  -  1 
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7.  1^3  glass  fabric  laalnate  vlth  epoxy  raeln 

Source  -  MI1-HD3K  17  -  Cl  -  1 
6.  l8l  glass  fabric  laalnate  vlth  epoxy  resin 
Source  -  MIL-HDBK  17  -  CR  -  1,  p.  2-5*. 

9»  120  glass  fabric  vlth  epoxy  resin 

Source  -  MIL-HDBK  17  -  CR  -  1 
10.  Croat  Rolled  Berylllua 

Source  -  "Berylllua  In  Aerospace  Structures" 

All  calculations  hare  been  carried  out  for  the  panels 
vlth  slapljr  supported  edges.  Materials  1,  2,  3,  5 ,  and  10  are 
iaotropio.  Materials  4a  and  4b;  although  isotropic, involve  cores 
and  facet  of  different  Materials.  Materials  6  through  9  are 
orthotroplo . 

Figure  6  provides  ths  "universal"  curves  for  the 
Isotropic  Materials,  where  both  core  and  face  are  tha  seat 
Material,  where  the  stresses  have  been  included  to  the  Halt  to 
where  tangent  Moduli  curves  extend.  The  tick  aarks  indicate 
the  proportional  Halt.  As  ste.ced  previously  for  each  specified 
load  this  curve  shovs  the  unique  value  of  stress  vhlch  results 
la  a  alnlaua  weight  structure. 

Figure  7  presents  the  weight  of  optiaua  (alnlaua 
velght  structure  for  the  Materials  shown  in  Figure  6.  Ths 
subscript  T  indicates  triangulated  core  construction.  Dashed 
curves  of  aaterlal  2  and  5  have  been  included  froa  Reference  8 
for  honeyooab  sandwich  construe  Hon.  It  is  seen  that  the 
aluainua  truss  core  construction  veighs  lees  than  the  steel 
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truss  core  construction  over  the  entire  stress  range  that 
alualnua  Is  applicable,  however,  there  Is  a  range  of  very  high 
loading  in  which  only  the  steel  truss  core  construction  can  be 
used.  It  is  also  seen  that  at  low  values  of  load  index  the 
aluminum  truss  core  construction  weighs  less  than  the  reinforced 
plastic  truss  core  construction,  but  at  higher  load  values  the 
converse  is  true. 

It  is  also  seen  that  the  honeycomb  construction  In 
all  cases  veighs  less  than  the  triangulated  core  (truss  core) 
construction  over  the  range  of  loads  that  honeycoab  core  con¬ 
struction  can  be  used.  However,  depending  upon  the  method  of 
Joining  faces  to  core  the  adhesive  weight,  W^,  which  aust  be 
added  in  each  case  aay  be  the  deciding  factor  in  vhether  the 

total  weight,  V,  is  less  for  one  or  the  other  construction. 

However,  it  is  important  to  note  that  in  each  case  the  honey¬ 
comb  core  construction  is  restricted  by  the  ultimate  compressive  strength 
of  the  face  material  in  the  amount  of  load  the  panel  can  carry.  For  loads 
which  exceed  the  ultimate  strength  of  the  faces  of  the  honeycomb  core  panels, 

the  corrugated  core  construction  is  the  only  one  which  can  be  used  for  optimum 
des ign . 

Figure  6  presents  the  comparative  weights  for  all 
ten  material  systems  listed  previously,  over  the  elastic  range, 
l.e.  stress  below  the  proportional  limit.  The  Figure  illustrates 
several  interesting  points  for  room  temperature  truss  oore 
panels  under  axial  compressive  loads.  It  is  seen  that 
beryllium  is  significantly  better  than  all  other  materials 
investigated,  but  has  the  disadvantage  that  only  low  loads  can 
be  carried  and  yet  retain  the  beryllium  in  the  elastic  range 
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with  optiaua  construction.  However,  it  is  slgnl f lcantly  superior 
to  other  systeas  that  a  non-optiaua  configuration  sight  weigh 
significantly  lees  than  an  optimum  construction  of  another 
■aterlal.  further,  the  non-optiaua  construction  alght  Increase 
the  load  carrying  ability  for  stresses  still  In  the  elastic 
range.  To  reiterate,  berylliua  looks  so  proalslng  that  even  a 
non-optiaua  construction  which  would  extend  curve  10  upvard  and 
to  the  right  alght  still  he  superior  to  a  alnlaua  weight 
(optiaua)  construction  of  soae  other  material. 

It  is  seen  that  7075-T 6  aluminum  is  the  second  best 
of  those  investigated,  over  the  range  in  which  it  llcable. 

It  is  seen  that  aluminum  is  somewhat  superior  to  t  :A'l8i  HT8 

glass  fabric  with  KR8B  -  0111  resin  aaterlal  over  the  entire 
range  of  applicability. 

However,  It  is  seen  that  the  orthotropic  reinforced 
plastics,  aaterlals  6,  7.  8,  and  9,  are  all  very  close  together 
over  the  lover  load  range,  but  the  lb3  glass  fabric  l&alnated 
with  either  polyester  or  epoxy  resins  remain  In  the  elastic 
range  to  significantly  higher  loads  than  panels  aade  of 
7075"T6  alunlaum  for  instance. 

It  is  seen  that  steel  construction  is  never  coapetltive, 
and  that  for  combinations  of  steel  and  aluminum,  It  Is  much 
better  to  use  the  steel  for  the  faces  and  the  aluminum  for  the 
core  material. 

In  comparing  the  web-core  construction  of  Chapter  2 
with  the  triangulated  core  construction  of  Chapter  1,  use  is  aade 


-  89  - 


NAEC-ASL-1109 


of  Equation*  (I.36)  and  (2.52),  for  a  panel  with  face  and  core 
of  the  ease  isotropic  material.  It  is  found  that  for  any  load 
Index,  aa*  *or  Btre8S*8  the  proportional  Unit, 


The  buckling  coefficient  for  the  triangulated  core  for 
a  panel  with  simply  supported  edges,  since  Bclc/E^If,  and  since 
1  for  the  optimum  configuration  is  U.70  for  a/b  1.2. 

Howerer,  the  buckling  coefficient  for  the  web  core 
panel,  since  V  -  «*d  varies  with  &/b  orer  the  entire  range. 

Since  EcIc/BfIf  ■  1/6  for  the  optimum  construction  the  buckling 
coefficient  is  found  to  be  K  •  1.0,  O.87,  and  O.67  for  a/b  of 
1.2,  1.6,  and  2.0  respectively.  Substituting  these  values  into 
Equation  ( h- .  1 )  the  ratio  is  seen  to  be  1.11,  1.1?,  and  1.22? 
respectively  for  the  a/b  values  calculated.  Hence,  optimum  web 
core  construction  weighs  lljl,  '!?£  and  22. ?£  more  than  optimum 
truss  core  construction  for  a/b  ■  1.2,  1.6,  and  2.0  respectively. 
Physically,  the  reason  why  the  web  core  construction  is  less 
attractive  is  because  of  its  lack  of  ability  to  resist  transverse 
shear  in  the  y  direction.  It  is  true  that  as  the  length  to  width 
ratio  decreases  below  unity,  the  optimum  web  core  construction 
will  weigh  less  than  the  optimum  truss  core  construction. 

Turning  now  to  the  comparison  between  the  hr.t-shaped 
corrugated  core  and  the  triangulated  core  (truss  core)  type 
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construction,  an  investigation  va«  carried  out  with  7075  -  T6 
aluainun  panel*.  Tor  the  truss  core  type  construction  for  a  faea 
stress  of  40,000  pel  the  1*  15^j  for  a  fate  stress  of 

20,000  psi  the  Kx/t  i*  39.  Hence,  the  hat  core  construction  was 
investigated  for  two  cases,  ■  15&  and  “  39* 

The  optinua  angle  9  •  0°  ii  shown  in  Chapter  3. 

Following  the  design  procedures  given  in  Section  D  of  that 
chapter  the  following  is  seen  for  optinua  configurations. 


Ixaaple  1  pil' 

Hat  Core 

O'  -  33/000  psi 

0  -  0° 

tf/b  -  1-33  x  1C"3 

t  ,  -  10.9  *  10’1* 

c/b 


T6  alualnua 

Triangulated  Core 
O'  -  40,000  psi 
0  -  32.4° 


tf/b  -  1.04  x  10 


-3 


t  ,  -  9-7  x  10 

c/b 


-4 


“c/b  •  °-038 


“o/k  ■  °*02526 


-U 


(W-Wt4/k)  -  1.72  x  10'  lb/in 


3.903  x  10 


0.045 


*  See  discussion  on  page  77. 
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Example  2  H  ,  ■  39,  7075  -  T6  aluminum 

x/b 


Hat  Core 

O'  -  16,000  pal 

9  -  0° 

tf/b  -  6.18  x  10-* 

t  .  -  5.66  x  10_J* 

c/b 

“c/K  ’  °-0281 

(K-W.4/1,)  -  2.36  «  lO'1*  lb. /in3 

df 

—  -  0.030 

D 


Triangulated  Core 


CT 

■ 

20,000  ps 1 

9 

- 

32.4° 

V* 

m 

5.2  X  10’k 

*c/b 

m 

4.867  x  I0'h 

^c/b 

- 

0.0179 

(v-v 

a 

)  -  1.951  x  lO'**  lb/in3 

It  la  seen  that  In  Example  1  the  hat  core  construction 

la  20.5)6  heavier  'than  the  triangulated  core  construction 

subjected  to  the  same  load  ( N  /v );  in  Example  2  It  Is  2li  heavier 

x/b 

compared  on  an  equal  loading  basis.  It  Is  felt  that  In  every 
case  the  triangulated  core  construction  vlll  be  superior  to  the 
hat  shaped  core  construction;  hence,  further  examples  (which  are 
laborious)  were  not  carried  out,  nor  were  optimisation 
procedures  derived  for  dissimilar  materials  In  face  and  core, 
or  for  orthotropic  materials. 
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CHAPTER  5 


COHC LUSICHS 

Utilizing  the  methods  of  structural  optimization 
derived  in  Chapters  1  and  2  of  this  report,  and  the  methods 
derived  in  Reference  6,  optimum  honeycomb  sandwich  construction 
weighs  less  than  optimum  triangulated,  corrugated  core  construc¬ 
tion,  which  in  turn  weighs  less  than  hat-shaped  corrugated  core 
construction,  over  the  load  range  where  comparisons  are  possible. 
However,  the  triangulated  core  construction  can  be  used  for  loads 
significantly  greater  than  is  possible  with  honeycomb  sandwich 
construction.  Also  optimum  web  core  construction  weighs  more 
than  optimum  triangulated  core  construction  where  the  length  - 
width  ratio  of  the  panel  equals  to  or  exceeds  unity  for  the 
examples  studied. 

In  the  triangulated  core  construction  (single  truss 
core),  in  which  the  faces  and  core  are  composed  of  the  same 
material,  be  it  isotropic  or  orthotropic,  it  is  found  that  the 
web  angle  0  (see  Figure  1)  is  always  constant  (9  -  Sin  " 
an)1'2  -  32.*°)  for  optimum,  minimum  weight  construction,  and 
that  the  weight  of  the  core  is  always  7/8  the  weight  of  the 
faces.  These  are  Independent  of  the  materials  used,  the 
boundary  conditions  or  the  magnitude  of  the  load  index. 

For  the  web  core  construction  it  is  found  that  for 
any  material  system,  minimum  weight  occurs  where  9  -0°  cad  the 
face  weight  is  twice  the  core  weight.  In  addition,  when  the 
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same  material  is  used  in  both  face  mv]  tcr*f  be  it  isotropic 
or  orthotropic,  the  face  thickness  tf  the  cert  web 

thickness  t<.  ,  and  the  core  depth  (h  )  equi»l*  the  aps-'ing  between 
vebr,  (df),  in  optimum  construction. 

One  benefit  derived  by  the  development  of  Methods  of 
analysis  for  optimum  (minimum  weight  design)  structures,  other 
than  the  obvious  benefit,  is  that  it  en&blee  the  designer  to 
compare  tee  absolute  minimum  weight  construction  with  the 
construction  employing  commercially  available  sizes  that 
approximate  the  actual  optimum  dimensions.  In  this  way  he  can 
■ore  rationally  assess  the  following  considerations:  the 
weight  penalty  of  using  commercially  available  materials  or 
the  cost  penalty  of  using  non-coamerc ially  available  sizes  to 
obtain  minimum  weight.  Obviously,  this  is  a  function  of  the 
specific  application. 

It  Is  also  recommended  that  a  test  program  be  designed 
and  executed  to  evaluate  the  present  optimization  procedures. 
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